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Abstract
Nanotechnology is the study of manipulating matter on an atomic and molecular scale, 
generally dealing with structures sized between 1 to 100 nanometre.
Nanotechnology is very diverse, ranging from extensions of conventional device physics to 
completely new approaches based upon molecular self-assembly. It represent a fast-growing 
research field, due to the potential applications in a wide range of domains, such as in medicine, 
biomaterials and electronics.
In this thesis I will give you some examples of how nanotechnologies have been exploited to the 
development of novel systems for biosensing and drug delivery.
The main part of the thesis work is focused on the realization of a carbon nanotubes (CNTs)-
based biosensor for palytoxin detection.  The necessity to develop the sensing device arises from 
the diffusion of particular microseaweeds in the Italian coasts, Friuli-Venezia-Giulia included, 
producing palytoxins during bloom events. This marine toxin present remarkable toxicity and 
has already recorded several cases of hospitalization cases from patients exposed to the marine 
aerosol.
Since the biosensor is conceived in order to be as sensitive as possible,  we have combined 
immunochemistry and electrochemiluminescence in a hybrid system. The unique capacity of 
antibodies to bind specifically the analyte of interest, and the excellent sensitivity afforded by 
luminescence-based transducers, were coupled together in order to detect analyte quantities in 
the range of the picogram. 
The crucial point in reaching this aim is arranging biological elements with an electrochemical 
component, in order to optimize the immuno recognition between antibody and antigene and at 
the same time the response signal from the biosensor. To this aim, carbon nanotubes are 
excellent candidates due to the high surface area-to-weight-ratio and to the versatility in 
functionalization, making them suitable for attachment of biomolecules such as antibodies.
Carbon nanotubes functionalized with specific antibodies anti-palytoxin are covalently attached 
to the electrode. An immuno sandwich is build on the electrode by adding the toxin, followed 
by a secondary antibody labeled with a fluorophore. The fluorophore is excited at certain 
voltages, in order to produce an emission of light. Since luminescence produced by the label is 
proportional to the amount of toxin recognized by the antibody, quantitative detection of 
palytoxin is achievable by constructing a calibration line.
The second part of the work presented in the last section of the thesis concerns the realization of 
porous silicon (PSi) matrix for drug delivery. The idea was to exploit the very peculiar 
properties exhibited by this material, such as wide superficial area, biocompatibility and in-vivo 
monitoring, to carry drugs inside the human body. Furthermore, PSi showed a particular 
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dissolution behaviour in simulated physiological conditions,  proportional to the basicity of the 
buffer solution. This additional peculiarity is of great interest for the delivery of those drugs 
that cannot be absorbed through the intestine since they dissolve at the acid pH of the stomach.
PSi samples with different grade of porosity were fabricated through an electrochemical 
procedure, functionalized and dissolved in different physiological buffers, in order to identify 
the most suitable one for drug loading experiments. Loading with the drug was performed 
through supercritical CO2 and the silicon carriers characterized by differential scanning 
calorimetry.
Both of the nano systems investigated produced very interesting results, especially concerning 
the reproducibility of the devices and the reliability of the results obtained. 
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Riassunto
Le nanotecnologie sono descrivibili come lo studio della manipolazione della materia con 
precisione atomica e molecolare, generalmente circoscrivibile a strutture di dimensione 
compresa tra 1 e 100 nanometri.
Questo settore è molto vario e spazia dall’estensione della fisica convenzionale applicata 
all’ideazione di nuovi approcci basati sull’auto-assemblamento di molecole. Per questo motivo 
le nanotecnologie sono in continuo ampliamento e possono vantare applicazioni nei più svariati 
settori, come la medicina, lo sviluppo di nuovi biomateriali e l’elettronica.
In questo lavoro di tesi riporterò degli esempi di come le nanotecnologie siano state impiegate 
nella progettazione di sistemi innovativi per la rilevazione di biomolecole o per il rilascio 
controllato di farmaci.
La principale parte del lavoro svolto concerne la realizzazione di un biosensore basato 
sull’impiego di nanotubi di carbonio, per il rilevamento della palitossina.
La nascita del progetto deriva dalla diffusione di un particolare tipo di microalga nel 
Mediterraneo e nelle coste italiane, comprese quelle del Friuli-Venezia-Giulia, produttrice di 
palitossina duranti i periodi di fioritura. Questa tossina marina è caratterizzata da una forte 
tossicità e ha infatti registrato numerosi casi di ricovero ospedaliero in bagnanti esposti 
all’aerosol contaminato durante attività ricreative balneari.
Dal momento che il biosensore è concepito per raggiungere la massima sensibilità possibile, 
immunochimica ed elettrochemiluminescenza sono state combinate in un sistema ibrido che 
soddisfacesse questo requisito: la capacità unica degli anticorpi di legare specificamente il loro 
antigene, insieme all’eccellente sensibilità ottenibile dai trasduttori basati sul rilevamento della 
luminescenza, rappresenta il punto chiave per poter rilevare quantità di analita nel range del 
picogrammo.
Al fine di ottimizzare riconoscimento tra anticorpo e antigene e segnale di risposta del 
biosensore, occorre avere a disposizione un elemento che predisponga al meglio la 
comunicazione tra elementi biologici e componenti elettrochimiche del sistema.
I nanotubi di carbonio sono ottimi candidati per questo scopo, in virtù delle loro peculiari 
caratteristiche, come l’alto rapporto area superficiale-peso e la versatilità nella 
funzionalizzazione, che li rendono particolarmente adatti per il legame con bio-macromolecole, 
come gli anticorpi.
I nanotubi di carbonio sono stati funzionalizzati per predisporre al meglio il legame con 
l’anticorpo anti-palitossina e successivamente sono stati legati covalentemente a un elettrodo di 
ITO. Un immuno-sandwich è stato costruito sull’elettrodo aggiungendo la tossina, seguita da 
un anticorpo secondario legato a un’etichetta fosforescente. Il fluoroforo è stato eccitato 
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indirettamente tramite l’applicazione di uno specifico potenziale all’elettrodo al fine di ottenere 
l’emissione di luce. Dal momento che la luminescenza ottenuta è proporzionale alla quantità di 
tossina riconosciuta dall’anticorpo, la rilevazione quantitativa della palitossina è possibile 
tramite la costruzione di una retta di calibrazione.
La seconda parte del lavoro è riportata nell’ultima sezione della tesi e riguarda la realizzazione 
di matrici di silicio poroso (PSi) per il rilascio controllato di farmaci. 
L’idea è quella si sfruttare le proprietà peculiari di questo materiale, come la vasta area 
superficiale, la biocompatibilità e la possibilità di essere monitorato in-vivo, per il trasporto di 
farmaci all’interno del corpo umano. Inoltre,  il PSi presenta una particolare cinetica dissolutiva 
in condizioni fisiologiche simulate, proporzionale alla basicità della soluzione tampone. Questa 
caratteristica aggiuntiva è di grande interesse per il trasporto di quei farmaci che, facilmente 
solubili a pH gastrico, risultano poco assorbiti a livello intestinale.
Campioni di silicio poroso con diverse porosità sono stati fabbricati attraverso un processo 
elettrochimico, funzionalizzati e dissolti in diversi tamponi fisiologici, al fine di identificare il 
candidato migliore per le prove di caricamento del farmaco.
Il caricamento del principio attivo è avvenuto attraverso l’impiego della CO2 supercritica e le 
matrici sono state infine caratterizzate tramite calorimetria differenziale a scansione.
Entrambi i nano-sistemi investigati hanno prodotto risultati interessanti, specialmente dal 
punto di vista della riproducibilità e dell’attendibilità dei dati.
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Introduction

1.1 Ostreopsis Ovata 
The microseaweeds proliferation in coastal waters is a well known phenomenon which seems to 
be intensified in the last decade, considering both temporal frequency and geographical 
diffusion, which is no longer limited to the tropical areas. Assignable explanations to that 
alteration in growth are connected to the increasing of anthropic pressure: as a matter of fact, 
the proliferation occurs prevalently in the coastal zones, where the nutrients contribution is 
higher (phosphorous and nitrogen salts, silicates, vitamins). Moreover,  the saeweeds 
proliferation is conditioned by the chemical and physical properties of the hydric field, the 
temperature and the light, and by the sea pollution which determines hypoxia and increased 
percentage of hydrogen sulfide and ammonia in water.
From the sanitary point of view the relevance of this phenomenon is ascribable to the capacity 
of some weeds to produce toxins that are predisposed to accumulate in mollusks and in other 
ichthyic products consumed by mankind. 
Among the bad influence in fishing and tourism, one of the most important consequences of the 
microseaweeds proliferation is the dangerousness for human healthcare, concerning 
recreational activities in the sea water. 
Respiratory disease provoked by inhalation of aerosol containing fragments of seaweed cells 
and toxins have been reported: the most studied case was associated to the proliferation of 
seaweeds producing brevetoxins in the Gulf of Mexico,  but parallel episodes have been also 
observed in the Mediterranean Sea, comprising some stretches of Italian littoral zones, where 
seaweed flowerings associated to potentially toxic species have been reported repeatedly in the 
last ten years. 
In this chapter particular attention will be paid to flowering events recorded in Italy and in 
particular in the Gulf of Trieste, where most serious problems of sea water contamination have 
been associated to one specie in particular:  the benthic weed Ostreopsis Ovata.
Diffusion and toxicology
O. Ovata is a microseaweed belonging to the Ostreopsis genus, Gonyaulacales order, Dinoficeae 
class, which was discovered in tropical and subtropical zones of French Polynesia, New 
Caledonia and the Ryukyu Islands in the Pacific Ocean 1,2, in the Caribbean Sea 3 and in 
Tyrrhenian Sea 4.
It is an armoured, marine, tycoplanktonic dinoflagellate species  which lives in the sea floor like 
benthic organisms 5, but it could also live suspended in water and transported by sea currents.
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Its motility is due to a thin filament posteriorly located which enables the anchorage to cells or 
any other type of substrate (rocks, macroalgae or marine organisms fragments). 
Species of this genus are anterio-posteriorly compressed, tear-shaped, ovate and ventrally 
slender.
It is the smallest species of the Ostreopsis genus: cells present dorsoventral diameter of 47-55 !m 
Chapter 1
2
Epitheca Hypotheca
a b
c
d
and transdiameter of 27-35 !m6.
They are coated by two cases, 
called epitheca and hypotheca, 
made of many thin and delicate 
plates, which disposition allows 
the identification of the species. 
Thecal surface is ornamented with 
minute and evenly distributed 
pores, called areolae, with an 
average diameter of 0.07 !m (Fig. 
1), that provide the diatom access 
to the external environment for 
processes such as waste removal 
and mucilage secretion.
Cells of O. Ovata are 
photosynthetic and contain many 
gold chloroplast. They reproduce 
asexually by binary fission.
O. Ovata, O. Siamensis, O. 
Lenticularis and O. Heptagona result 
all potentially toxic on the base of 
biological tests (acute toxicity tests 
in mice, citotoxicity and hemolysis 
tests).
The toxicity is assignable to the 
production of an hemolytic toxin, 
called Palytoxin. 
Isolated more than 30 years ago 
from Palythoa toxica corals, also 
known as "Limu make o hana 
(Seaweed of Death from Hana)" on 
the coast of Hawaii 7, and 
identified more recently in other 
Fig. 1. a, b. Optical microscope images of epitheca and 
hypotheca  in O. Ovata.  c, d. Scanning Electron Microscopy of O. 
Ovata in seawater. Courtesy of G. Honsell.
animals 8, Palytoxin  is known as the most potent marine biotoxin, second only to maitotoxin in 
terms of toxicity, since it kills mice with an impressive LD50 of 15 ng/kg 9.
When orally administered by gavaging it results 700 times less toxic with an LD50 of 510 !g per 
Kg 10. Moreover, a toxicity study on mice with different administration ways showed that the 
lowest LD50 corresponded to the intravenous injection (0.089 !g/Kg), followed by the 
intramuscular way (0.24 !g/Kg), the subcutaneous and the intragastric ones (0.4 !g/Kg and > 
40 !g/Kg respectively) 11. 
The exact toxic dose in humans is not known; however, extrapolation of the available animal 
toxicity data would correspond to a toxic dose of about 4 !g 12. Just one mortal case was 
recorded in Madagascar in 1994 after ingestion of contaminated fish: the victim, after describing 
a metallic taste of the food, complained of a general discomfort, vomit, paralysis of inferior arts 
and delirium 13.
Its full chemical structure was published in 1982 by Prof. Daisuke Uemura and coworkers at 
Nagoya University 14. Professor Yoshito Kishi's group at Harvard University first synthesized 
palytoxin in 1994 15.  This feat is still considered today by many to be the greatest synthetic 
accomplishment ever, due to its complexity in structure.
Palytoxin is a large nonpeptide molecule with a molecular weight of 3 KDa, containing a 
contiguous chain of more than 100 carbon atoms with 64 stereogenic centers (Fig. 2) and no 
repetitive amino acid or sugar units 16.
Although palytoxin was suggested to have multiple sites of action, recent works suggest 
specificity for Na+/K+ pumps 17,18 and possibly a closely related H+/K+ pump 19. The results of 
Artigas and Gadsby 20 provide very strong new support for specific actions at the Na+/K+ pump 
in cardiac cells. 
Among toxins characterized to date, palytoxin shows a unique behaviour since it converts the 
Na+/K+ pump from an ion pump into a nonspecific ion channel 21.  The mechanism is devious, 
because in so doing palytoxin short-circuits the membrane function of cells that rely on Na+/K+ 
pumps to generate ion gradients 22, and finally can cause cell lysis 22.
Typical symptoms of palytoxin poisoning in humans are angina-like chest pains, asthma-like 
breathing difficulties, tachycardia, unstable blood pressure, hemolysis, and the 
electrocardiogram showing an exaggerated T wave. The onset of symptoms is rapid, and death 
follows just minutes after.
Lethality estimated is 0.1% of the registered cases, but could reach the 5% during epidemic 
periods. For what concerns the ichthyic fauna, palytoxins have been found in sardines 
(Herklotsichthys quadrimaculatus) in Madagascar 24,  in mackerels (Decapterus macrosoma) from 
Philippines 25, in a parrot fish (Scarus ovifrons) in Japan and in tetrodontic fishes 26. 
Palytoxin has been reported to be present in several species of fish,  crustaceans,  mollusks and 
echinoderms 27. 
Despite its high lethality in terrestrial animals, there are some marine organisms such as crabs 
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28 and a sea anemone which have manifested resistance to palytoxin, enabling its sequestration 
and accumulation in the food chain 29 and provoking numerous cases of human poisoning and 
lethality 30.
Fig. 2. Chemical structure of palytoxin. The abundance of hydroxylic groups is responsible for the high 
hydrophilicity that characterizes the molecule. 
Ostreopsis Ovata in Italy
The appearance of O. Ovata in microalgal communities of western Italian coasts is known since 
the 1980s, when it was reported in the Tyrrhenian Sea 31,32. 
In the last decade,  bloom events became more frequent (Fig. 3): the arising in summer was 
detected in the Ligurian Sea, but also on the Sicily Coast 33 and in the southern Adriatic Sea, 
where it has been observed since 2001 34.
Moreover,  in September 2006, O. Ovata has also been detected on the rocky coast of the Gulf of 
Trieste, in the North-East Adriatic Sea 35.
The area of sampling was the Canovella de’ Zoppoli beach (Fig. 4), which is characterized by 
low seabed covered with small cobblestones, stationary water and extend sun irradiation 
during the day.
In October 2008,  O. Ovata was found in phytoplankton net samples and as epiphytic form on 
sea grass and red algae, while in September 2009 its blooms recorded nearly 6700,000 cells/L in 
seawater.
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Both the cells isolated in 2008 from the phytoplankton and in 2009 from the blooms where 
taxonomically identified as O. Ovata by morphology and thecal plates analysis. Genotype also 
confirmed  the presence of the specie on the basis of ribosomal sequences.
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Fig. 3. Italian regions where O. Ovata flowerings have been observed.
           2005: Liguria, Toscana, Lazio, Campania, Puglia, Molise, Sicilia, 
                     Sardegna.
           2006: Abruzzo, Marche, Friuli Venezia Giulia.
Particolarmente importanti risultano le fioriture di Ostreopsis (Fig. 1) (Poletti e Pompei, 
2005; Grillo e Melchiorre, 2005; Casotti, 2005; Ungaro, 2005), identificata con analisi 
molecolare  come O. ovata (Penna et al., 2005).  
 
O. ovat  è una icroalga appartenente al genere Ostreopsis, ordine Gonyaulacales, 
classe Dinoficeae distribuita essenzialmente nella zona tropicale e sub tropicale che 
predilige gli ambienti dove sono presenti macroalghe brune e/o rosse. O. ovata ma 
anche O. siamensis, O. lenticularis, O. heptagona, O. mascarenensis, O. labens 
risultano potenzialmente tossiche, sulla base dei risultati di test biologici (test di 
tossicità acuta su topo, di citotossità e di emolisi).  
Le fioriture si sono verificate tra Luglio ed Agosto ed hanno interessato tratti in 
prossimità della costa o zone protette. Sansoni e coll. (2002) hanno osservato che 
fioriture algali di O. ovata, verificatesi nelle stagioni estive degli anni 1998, 2000 e 
2001 sul litorale apuano (Toscana nord-occidentale), hanno avuto la loro intensità 
massima in un tratto di costa nel quale opere di difesa dall’erosione circoscrivevano uno 
specchio marino a debole ricambio idrico, dove le acque raggiungevano temperature 
molto elevate. Grillo e Melchiorre (2005) hanno descritto le caratteristiche 
geomorfologiche dei due siti dove sono avvenuti i fenomeni di intossicazione umana 
Fig.1 – Regioni in cui è st ta segnalata Ostreopsis spp.: 
2005: Liguria-Toscana-Lazio-Campania-Calabria-Puglia-Molise-Sicilia-Sardegna 
06: Abruzzo-Marche-Friuli Venezia Giulia 
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2005; Grillo e Melchiorre, 2005; Casotti, 2005; Ungaro, 2005), identificata con analisi 
molecolare  come O. ovata (Penna et al., 2005).  
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Fig. 4. a. Canovella de’ Zoppoli beach (Gulf of Trieste) b. Canovella de’ Zoppoli beach, O. Ovata bloom. c, 
d, e. Aurisina (Gulf of Trieste) O. Ovata epiphytic on red algae. Courtesy of G. Honsell.
d
e
O. Ovata flowerings discovered in Toscana and in Liguria presented their maximal intensity in 
portions of coast which circumscribed sea areas characterized by very weak hydric turnover, 
where water reached high temperatures. In both of the cases the bloom manifested above water 
with foaming-like aggregates, colored in light brown and some square meters big. The 
microweeds also covered the rocky sea floor, the seaweed thalli and the mollusk shells with a 
velvet-like mat of the same color.
Even if similar characteristics have been registered in other Italian and Mediterranean regions 
(Catalan Coast and Balearic Islands in Spain, Greece and France) not all of these factors are 
generalizable as bloom promoting elements or as indicator of the presence of the microweed.
However it is possible to assert that Ostreopsis growing is encouraged by high temperatures, 
plentiful of light and high concentrations of nitrogen and phosphorous salts in protected 
inshore regions where water dynamism is poor.
Presence of the alga in Italy could be imputable to the transport mediated by ships, even if 
Tognetto 4 suggested that species belonging to the genre Ostreopsis, Coolia and Prorocentrum (all 
discovered along the Italian coasts and associated to the production of toxins) have always been 
present in Italy but simply they were not detected.
Effects on human health
From the sanitary point of view, though the widespread presence of O. Ovata in the coasts of 
many Italian regions, respiratory disease or fever in bathers were reported just in a few and 
limited areas 36,37 (Fig. 5).
Most important case of intoxication of humans was in the summer of 2005 in Genova, when 240 
cases of respiratory syndrome (20% requiring hospitalization) were recorded in patients 
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Fig. 5.            Regions where respiratory disease manifested. 
Il caso più eclatante si è verificato nell’estate del 2005 a Genova, qua do 240 persone 
che avevano soggiornato in riva al mare o in zone adiacenti senza immergersi in acqua 
sono ricorse alle cure ospedaliere perché accusavano sintomi quali: febbre, faringodinia, 
tosse, dispnea, cefalea, nausea, rinorrea, congiuntivite, vomito e dermatite (Tab. 1) 
(Icardi e Marensi, 2005). Le fioriture di O. ovata, osservate in quei giorni nel tratto di 
costa interessato, furono ritenute il possibile agente causale.  
 
Tab. 1- Caso di Genova 2005 aspetti epidemiologici su 225 pazienti (Icardi e Marensi., 2005). 
Pazienti % sintomi 
 
! Febbre   64 % 
! Faringodinia 50 % 
! Tosse   40 % 
! Dispnea  39 % 
! Cefalea   32 % 
! Nausea   24 % 
! Rinorrea  21 % 
! Congiuntivite 16 % 
! Vomito   10 % 
! Dermatite    5 % 
Frequenza dei quadri clinici 
 
109 Casi con 3 sintomi 
! Febbre con tosse e faringodinia   36 % 
! Febbre con tosse e dispnea   34 % 
! Tosse con faringodinia e dispnea  28 % 
 
69 Casi con 4 sintomi 
! Febbre con tosse, faringodinia e dispnea 36 % 
! Febbre con tosse, faringodinia e rinorrea 25 % 
! Febbre con tosse dipsnea e rinorrea  23 % 
 
 
E’ stato ipotizzato che i sintomi segnalati nell’episodio di Genova potessero essere 
associati all’inalazione di frammenti di cellule di O. ovata o di tossine eventualmente 
Fig. 2 .   Regioni in cui sono stati segnalati disturbi 
respiratori nelle persone.  
exposed to marine aerosol by recreational or working activities. Manifested symptoms varied 
from fever and cough to vomit and dermatitis 38.
It was hypothesized that O. Ovata blooms observed in those days in the interested inshore were 
the possible causing agent, since symptoms were associable to the inhalation of fragments of 
cells or toxins present in the marine aerosol. Even if at the moment it is not yet possible to 
establish a clear cause-effect relation, the chemical analysis LC-MS of O. Ovata collected from 
the incriminated area showed the presence of palytoxins 39.
It seems that contaminated aerosol and direct contact with the sea water are the only founts of 
exposition for the population, since cases of intoxication by ingestion of ichthyic products 
inquinated by the toxin have not been reported yet.
Effects on aquatic organisms
From the environmental point of view, O. Ovata flowerings have sometimes been associated to 
murrain of marine organisms. For instance in Puglia, in concomitance with O. Ovata blooms, 
several moribund and died animals were found, prevalently white breams (Diplodus annularis), 
sepias (Sepia Officinalis) and urchins (Paracentrotus lividus). 
Muscular tissue of white breams observed at the microscope showed rash provoked by 
congestion events and tendency of peeling off from the bone structure. Swelling and imbibition 
of tissues in the sepias were also clear demonstrations of inflammatory processes in progress. 
Even urchins presented damage or lack of the stings 40. 
Pathological events highlighted by the anatomic-histopathological tests on white breams and 
sepias were alterations of the gills, associated with epithelial discontinuity, marked capillary 
permeability, alteration of the myocardium fibrils and of the gastric and intestinal mucosa 40. 
In the last years negative effects on the benthic cenosis were discovered even in Toscana: 
populations of mollusks (Patella, Monodonta turbinata) and celenterates (Actinia equina) appeared 
reduced in number and completely disappeared in some areas. Extensive plagues have 
interested entire banks of shellfishes (Chthamalus stellatus) and the starfishes, which exhibited 
lack of the arms. Furthermore many octopuses (Octopus vulgaris) were found dead in the same 
shore-line 41.
Effects on economic activities: fishing and tourism
It is quite difficult to evaluate economic impacts provoked by palytoxins on the fishing field. 
However,  the presence of the toxin in the Mediterranean Sea, which possesses the ability of 
accumulating in ichthyic products, requires a strict attention by the authorities of competence in 
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the control of those aliments, in particular where O. Ovata expands more frequently.
Scientific elements demonstrating the presence of palytoxins in ichthyic products along Italian 
coasts are not currently available.  Anyway tests on mice has shown positivity in mussels 
harvests belonging to the areas interested by O. Ovata flowerings.
Preoccupation is also focused in the touristic industry, one of the most important income 
sources of Italy.  Inshore areas where O. Ovata blooms have been observed are much frequented 
during the summer time 42, there by another big preoccupation concerns the possibility that 
those episodes become recurrent during the hot season.
1.2 Aim of the work
Due to the diffusion of O. Ovata in the Mediterranean Sea and in the Italian coasts, and to high 
toxicological potential of palytoxin (PLTX) and its analogs, there is an urgent need to realize a 
cheap and very sensitive system for their detection and quantification both in seawater and in 
seafood. 
The biosensor is conceived on the assumption that sea water where O. Ovata has been supposed 
to expand in, is directly analyzed on the biosensor after being sampled, without undergoing 
cleaning or diluting operations that could falsify the real amount of toxin released in the sea.
On this purpose is of fundamental importance that the biosensor recognizes PLTX with 
specificity,  avoiding any possible interaction with other molecules present in the tested volume. 
Furthermore, sensitivity should reach the pico gram scale, in order to make the biosensor 
competitive and preferable with respect to classic detection procedures such as ELISA 43,44. 
To this aim, we have focused on the realization of a sensor device for PLTX detection that takes 
advantage of the specificity towards analyte provided by selective antibodies anti-PLTX, of the 
good chemical properties of carbon nanotubes (CNTs), that make them suitable for interaction 
with biomolecules, and of the excellent sensitivity given by electrochemiluminescence (ECL). 
Hence, we have combined ECL label Ru(bpy)32+ with multi-wall carbon nanotubes (MWCNTs) 
in a immunosensor for PLTX detection (Fig. 6).
Among other recognition elements, antibodies are most widely used because of the high 
specificity of the antibody-antigen binding. In order to detect the antigene,  antibodies are 
surface-immobilized and arranged according to the “sandwich” assembly, where the antibody 
bound to the surface acts as the capture moiety,  while the second antibody is labeled with a 
particular molecule or protein which allows the quantification of the antigene by giving a 
signal, which could be a change of color (as happens in the well known ELISA sandwich), an 
emission, a variation of the potential et cetera, depending on the type of biosensor.
Since the discovery of CNTs in 1991 45,  intensive attention has been paid on the analytical 
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applications of CNTs, which are promoted by the high surface area-to-weight-ratio (~ 300 
m2g-1)46, the excellent electrical conductivity, the chemical stability and the extremely high 
mechanical strength 47,48. In addition, CNTs can be derivatized with functional groups that 
allow immobilization of biomolecules 49.
The development of electrochemiluminescent sensors has received particular interest since they 
maintain the advantages characteristic of chemiluminescent (CL) sensors, such as excellent 
sensitivity and wide dynamic concentration response range, but also have some important 
additional characteristics 50. For example, the applied potential to produce the ECL reaction can 
be easily controlled, improving its selectivity.  Moreover, compared with fluorescent methods, 
ECL does not involve a light source; hence, the attendant problems of scattered light and 
luminescent impurities are absent. 
Up to now Ru(bpy)32+ complex exhibits the highest ECL efficiency and has been extensively 
used in construction of solid state ECL sensors 51.  In this work a ruthenium complex was 
attached to the secondary antibody anti-PLTX, in order to provide quantitative detection of 
toxin.
The biosensor design presumes that an ITO electrode is electrografted with polyacrylate, in 
order to enhance chemical attachment of the nanotubes. CNTs are previously functionalized 
with the capture moiety, the monoclonal antibody anti-PLTX. This type of connection was 
achieved covalently. 
When the toxin is added, and thus recognised by the antibody, a secondary antibody, labelled 
with the Ru(bpy)32+ derivative, is dropped on the device, in order to give the 
electrochemiluminescent response. 
After applying a proper potential to the electrode, electron transfer reactions of co-reactant 
tripropylamine (TPrA) present in the cell are triggered off, leading to the formation of highly 
energetic species that bring the complex in its excited state. The energetic decay from the excited 
state to the ground state results in emission of light at 610 nm.
Since the intensity of light emitted scales with the concentration of the label, and therefore, the 
analyte, it is possible to measure quantitatively the concentration of the antigene and the 
detection of PLTX should be achieved.
In conclusion, our purpose is to build a performing and sensitive sensor whereby ECL occurs in 
a reproducible way when PLTX is recognized.
Once detection of the analyte is achieved, the second step is the study of the relation between 
toxin concentration and ECL response.  Therefore we want to obtain a calibration line that 
allows the quantification of PLTX on the base of the correspondent ECL signal registered.
Finally,  talking about sensitivity, we aspire to the realization of a competitive system with 
respect to other ones commercially available (ELISA, SPR), able to detect the lowest amount of 
toxin as possible, possibly in the range of the picogram/ml. 
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Fig. 6. Schematic representation  of the biosensor.
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1.3 Biosensors
A biosensor is generally defined as an analytical device which converts a biological response 
into a quantifiable and processable signal 52.  According to a IUPAC definition recently proposed 
“A biosensor is a self-contained integrated device which is capable of providing specific quantitative or 
semi-quantitative analytical information using a biological recognition element (biochemical receptor) 
which is in direct spatial contact with a transducer element” 53. The primary aim of a biosensor is to 
produce an optical or electronic signal that is proportional to the concentration of the chemical 
specie detected. 
A typical biosensor comprises bioreceptors that specifically bind to the analyte and are linked or 
integrated with a transducer element.  The signal is converted and amplified by a detector 
circuit and sent for processing to a computer software 54. 
Bioreceptors could be enzymes, membrane components, cells, antibodies, antigenes, DNA, 
RNA and even biological tissues fragments. Biological molecules interact specifically and 
reversibly, changing some chemical or physical parameters that could involve emission of light, 
heat or electron transfer reactions . All these variations could be converted in an electrical signal 
by the transducer, in order to be amplified, elaborated and visualized.
Biosensors can be applied to a large variety of samples including body fluids,  food samples, cell 
cultures and be used to analyze environmental samples. 
Specificity and sensitivity should be the main properties of any proposed biosensor. The first 
depends entirely on the inherent binding capabilities of the bioreceptor molecules whereas 
sensitivity will depend both on the nature of the biological molecule and the type of transducer 
used to detect the analyte. 
In general, depending on the recognition properties of most biological components,  biosensors 
are classifiable in two categories 55:
1. Catalytic biosensors. These are also known as metabolism sensors and are kinetic devices 
based on the achievement of a steady-state concentration of a transducer-detectable species. 
The progress of the biocatalyzed reaction is related to the concentration of the analyte. The 
biocatalyst can be an isolated enzyme, a microorganism or a tissue slice.
2. Affinity biosensors. They are conceived on the “irreversibility” of the binding between the 
analyte and the receptor molecule (for instance an antibody, a nucleic acid, or a hormone 
receptor). The event leads to a physiochemical change that will be measured by the 
transducer.
Biosensor development is driven by continuous need for simple, rapid, and continuous in-situ 
monitoring techniques in a broad range of areas, e.g.  medical, pharmaceutical, environmental, 
defense or food technology 56,57.
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History
Professor Leland C. Clark Jnr is identified as the father of biosensor concept. In 1956, he 
published his definitive paper on the oxygen electrode and on its modification with enzymes.
The concept was illustrated by an experiment in which glucose oxidase was entrapped at a 
oxygen electrode using a dialysis membrane. The decrease in measured oxygen concentration 
was proportional to glucose concentration. Until that moment electrochemistry only provided 
sensors that detect anions and cations, but by associating them with a biological system, a 
multitude of other substances become detectable. 
The idea was so successful that many research biosensor and at least one commercial biosensor 
are still produced using the original concept of oxygen measurement. However,  nowadays the 
preferred alternative is to measure hydrogen peroxide.
Some years after, a large technological expansion occurred: the developing of optical-fiber 
sensors (OFS), which is related to two of the most important advances of the 1960s, the laser 
(1960), and modern low-cost optical fibers (1966) 58. 
Since the development of the first chemical sensor based on optical fibers in the early 1970s, 
their application has continued to progress and spread to very different areas, e.g. clinical, 
environmental, industrial, food and military applications 59. In these systems a suitable 
biological substance is attached to the tip of fiber producing an optical signal when it is in 
contact with the system under study. The technique of detection via light absorption exploits 
results from UV-visible spectrophotometry. This requires the presence of at least two fibers,one 
for inward and one for outward light, therefore this method is rarely used. Hence, attention 
shifted on fluorescence detection, since it can be measured directly using a single fiber and 
sensitivity was very high. The system become even simpler in the case of bio/
chemiluminescence, since light could be emitted directly to the sensitive component. The 
excellent quantum yeld of bioluminescence also facilitates the detection of low concentrations. 
In 1975 N. Optiz and D.W. Lubbers (Max-Planck-Institut, Dortmund, Germany) developed a 
fiber optic sensor with an immobilized indicator to measure oxygen or carbon dioxide 60. 
In the same year, Springs Instrument Company (YSI, Ohio, USA) successfully introduced their 
glucose biosensor that was focused on amperometric detection of hydrogen peroxide. This 
particular biosensor was the stepping stone for many more to come.
In 1976, a new generation of mediated biosensors for sports and clinical applications was 
appearing: in Switzerland, La Roche introduced the Lactate Analyzer LA 640 in which the 
soluble mediator, hexacyanoferrate, was used to shuttle electrons form lactate dehydrogenase to 
an electrode. Mediator compounds, such as ferrocene or the organic conducting salts of 
tetracyanoquinodimethane (TCNQ), can be immobilized on conducting polymers like 
polypyrroles. Their role is to electrochemically re-oxidize the cofactor thereby preventing the 
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dependence of enzyme sensors on the oxygen concentrations. Thus, when mediators are 
present, the biosensor can easily function in the absence of oxygen. The regeneration of 
mediators,  however, requires amperometric electrodes to provide the necessary current for the 
re-oxidation of the cofactor.
The biosensor field took a further evolutionary route in the end of 1970s, when Divie suggested 
that bacteria could be integrated as the biological element in microbial electrodes for the 
measurement of alcohol. This technique avoids the various extraction and purification steps, 
and keeps the enzyme in its natural environment, which ensures the regeneration of any 
cofactors.  The specificity of such sensors is limited because of the large number of enzymes 
present in a microoganism.
In contrast, immunological agents are much better adapted for recognition of the analyte. 
Measurement can be performed directly using a variation in electrical or optical property, a 
change in mass arising from an antigene-antibody coupling, or via enzymatic labeling. A paper 
written by B. Liedberg et al. in 1983, was ground breaking for using direct immunosensors by 
attaching antibodies to a potentiometric or piezoelectric transducer. They described the use of 
Surface Plasmon Resonance to monitor affinity reactions in real time. The BIAcore (Pharmacia, 
Uppsala, Sweden) launched in 1990 is based on this technology 61.
Finally,  in the 1980s,  commercial success for biosensors was obtained on a much larger scale. In 
1984, a much cited paper on the use of ferrocene and its derivatives as an immobilized mediator 
for use with oxidoreductases was published. This led to the development of inexpensive 
enzyme electrodes, consequently creating the basis for the screen-printed enzyme electrodes 
initiated by MediSense (Cambridge, USA) in 1987,  which resulted in a home blood-glucose 
monitor that was the size of a pen.
Since then, technology has continued to advance and much better devices have been created. 
Bayer, Roche Diagnostics and LifeScan all now have competing biosensors.
Today there are many devices utilizing enzymes, cell receptors, nucleic acids,  antibodies, and 
intact cells in conjunction with optical, electrochemical, thermometric and piezoelectric 
transducers 62. Thus the market for biosensor is ever-growing and developing.
Biosensors classification 
Biosensor can be classified in a specific way according to either the nature of the bioreceptor 
element or the principle of operation of the transducer. 
The main types of transducers used in the development of a biosensor can be divided into four 
groups 63,64: 
1. Enzymes, proteins that can catalyze specific chemical reactions. The mechanism of 
functioning can depend on the conversion of an analyte into a sensor-detectable product, or 
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on the detection of the analyte that acts as enzyme inhibitor or activator.
2. Antibodies and antigenes (immunosensors). An antigen is a molecule or a protein able to 
trigger the immune response of an organism to produce an antibody, which specifically 
recognize the antigen. Affinity constant between antibody and its antigene could be very 
high, reason why they are widely exploited in order to guarantee high specificity.
3. Nucleic acids (genosensors). The recognition process is based on the complementarity of base 
pairs (adenine and thymine or cytosine and guanine) of adjacent strands in the double helix 
of DNA. 
4. Cellular structures or cells. The whole microorganism or a specific cellular component is used 
as the biorecognition element.
Since most of the biosensors developed for shellfish and microweed toxins are immunosensors, 
the following section is dedicated to investigate the matter further.
Immunosensors
Immunosensors constitute an important class of biosensor based on selective bioaffinity 
interactions between an antibody and a specific compound. 
The unique capacity of antibodies to bind specifically the analyte of interest is the key factor in 
their usefulness in immunosensor design. The higher the affinity of the antibody to the analyte, 
the better the sensitivity achieved.
Immunosensors are based on the principles of solid-phase immunoassays. The assay formats 
commonly employed in immunosensors are the direct assay, the competitive assay, the binding 
inhibition assay and the sandwich assay 65,66 (Fig. 7).
In a direct assay, the antigene is directly detected by an excess of immobilized antibody, yielding 
to a signal which is directly proportional to the quantity of analyte.  In the competitive assay, the 
number of antibodies binding sites is limited, therefore the antigene should compete with an 
analyte derivative opportunely labelled. An alternative test format is the so called binding 
inhibition assay, where both analyte and antibody are pre-incubated and after equilibration the 
solution is placed in contact with the antigene. Only the unbound antibodies will bind to the 
transducer and generate the detectable signal. Finally, in the sandwich assay format, an excess 
of antibody is incubated with the toxin and a second labelled antibody, that binds to a second 
antigenic site, is introduced to the antigen-antibody complex. The amount of labelled antibody 
is related to the analyte concentration. The fact that two antibodies recognize different epitopes 
on the analyte molecule decreases the chance of interference by other similar species, but limits 
the application of this technique to sufficiently large antigens that fulfill this requirement.
In addition, the use of antibodies for sensor development has some limitations: first, the strong 
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dependence of the antibody-binding capacity on the assay conditions, for instance pH and 
temperature, and second, the quasi irreversible nature of the antibody-antigen interaction 55.
In terms of signal transduction, optical detection has a clear advantage over electrochemical 
methods in the development of immunosensors,  since it can be used to monitor binding 
reactions directly. Hence, optical techniques have been widely applied in recent years, 
providing a way for direct evaluation of the antigene-antibody interactions occurring at the 
surface-solution interface.
Optical transducers can be designed to respond to ultraviolet or visible radiation or to the 
production of bio- and chemiluminescence and can be also adapted for fiber-optic-containing 
devices. They may be used for sensing with or without the use of a label; thus, some sensors 
make use of labeled reagents,  e.g., an enzyme or fluorophore, to provide the detected signal. 
This require sophisticated instrumentation because of the low light levels detected. Direct 
optical sensors, which do not involve labeling, constitute a substantial proportion of the 
immunosensors currently available, even if less sensitivity is often provided. These include 
attenuated total internal reflection 67, ellipsometry 68, surface plasmon resonance (SPR) 69 and 
dielectric waveguides 70. In some cases labels have been incorporated into these immunosensors 
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to increase sensitivity. 
Enzymes are typically used as labels to generate a range of products that absorb light, 
fluorescence or luminescence, the last offering particularly high sensitivities. 
Biosensors have been designed to monitor luminescence spectroscopy, either bioluminescence 
(light emitted from a biological reaction) or chemiluminescence (light emitted from a chemical 
reaction). Unlike other optical biosensors, no light source is required for these systems.
Bioluminescence-based systems, as the one where luciferin is oxidized by firefly luciferase with 
the production of light,  have been used in assays for oxygen, ATP and NADH/NADPH in 
dehydrogenase systems and in environmental monitoring 71 all demonstrating a high 
sensitivity.
Bioluminescent systems utilizing luminous bacteria have also been reported 72. 
Chemiluminescence systems include the luminol-peroxide system, which has been applied to 
many oxidase reactions involving hydrogen peroxide production. Chemiluminescence adapted 
for immunosensors has facilitated the determination of various antigens, e. g., estradiol, !2-
interferon, hCG, and total IgG 73, 74.
Carbon nanotubes-based biosensors
Carbon nanotubes are promising materials for sensing applications due to several properties.  In 
particular, their large length-to-diameter aspect ratios provide for high surface-to-volume ratios.
Moreover,  CNTs have the ability to mediate electron-transfer kinetics for a wide range of 
electroactive species. In addition, CNT chemical functionalization can be used to attach almost 
any desired chemical species to them, allowing, for instance, to enhance the solubility and 
biocompatibility of the tubes 75. Such characteristics make them ideal candidates for the 
development and optimization of electrochemical sensors.
Conventional electrochemical sensors are based on either glassy carbon electrodes (GCE) or 
metal electrodes (Au, Pt or Cu for example) for amperometric or voltammetric analyte 
detection. Such electrodes have a series of disadvantages, including poor sensitivity and 
stability, low reproducibility and large response times. 
CNTs can overcome most of these disadvantages owing to their ability to mediate fast electron 
transfer reactions with electroactive species in solution when used as the electrode material 76,77.
When employed as electrode, carbon nanotubes show better behaviour than traditional carbon 
electrodes, including a good conducting ability and high chemical stability 78. 
Carbon nanotubes associated with carbon paste electrodes or glassy carbon electrodes show 
excellent electrocatalytic activities toward the oxidation of ascorbic acid, uric acid dopamine, 
phenols, carbohydrates, and the reduction of hydrogen peroxide and nitrite ions 79,80,81,82.
The electrocatalytic oxidation of NAD(P)H cofactors and the reduction/oxidation of H2O2 
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stimulated by CNTs are particularly important, since these electrocatalytic reactions may be 
easily coupled to enzymatic transformations 83,84.
Enzymes generating H2O2 were covalently linked to carbon nanotubes or encapsulated into 
polymer coatings associated with carbon nanotubes. For example, GOx (glucose oxidase) was 
covalently coupled to carboxylic groups at the ends of cut CNTs using carbodiimide coupling 85.
In most of these applications CNTs are used as a balk material rather than taking advantage of 
their nanostructure. 
An explanation to this is that direct electrochemistry of redox enzymes at unmodified electrodes 
is usually prohibited because of limited exposition of the active sites to the solution. However, 
for some proteins, direct electrochemistry becomes possible upon their appropriate alignment at 
the electrode surfaces. 
A direct electrochemical contacting of Cytochrome c (Cyt c) was achieved on electrodes 
modified with CNTs 86. Other heme proteins, such as myoglobin or horseradish peroxidase, 
have also been electrochemically contacted with the use of CNTs,  yielding to increasing in the 
electron transfer efficiency 87.  Random co-deposition of such enzymes with carbon nanotubes 
on an electrode surface led to the electrical wiring of proteins.
Moreover,  the employment of electroactive mediators has facilitated the electrical contact 
between redox enzymes and electrodes in presence  of CNTs. For example, aligned carbon 
nanotubes were coated with polypyrrole as the redox polymer with GOx imbedded in the 
polymer matrix 88. Following the same principle, the enzyme horse radish peroxidase (HRP) 
was co-immobilized with the electron transfer mediator methylene blu on CNTs attached to a 
glassy carbon electrode.
Furthermore, even the addition of diffusional electron transfer mediators (e.g., ferrocene 
monocarboxylic acid) to GOx loaded on SWCNTs with conductive supports, resulted in higher 
magnitude of the electrocatalytic response in amperometric detection of glucose 89.  It is 
suggested that the enhanced response was aided not only by high electrical conductivity of 
CNTs, but also by the high surface-to-volume ratio introduced by their employment. 
For this reason, CNTs have also been used as high-surface-area supporting materials for the 
deposition of enzymes or proteins, including those that are not redox active.
Another important step ahead in biosensing technology was the accomplishment of oriented 
assembly of short SWCNTs to electrode surfaces by covalent attachment 90, allowing the 
association of redox-active components to the CNTs and the examination of charge transport.
The work was refined by Patolsky et al. 91 who aligned enzymes at the ends of SWCNTs 
organized as an array on a conductive surface. 
Fig. 8 shows the procedure used by these authors to assemble the aligned SWCNTs onto a gold 
electrode. The amino-derivative of the FAD cofactor (flavin adenine dinucleotide) was 
covalently coupled to the carboxylic groups at the free ends of the standing SWCNTs. Finally, 
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GOx was
electrodes of different SWCNT lengths in the presence of variable glucose concentrations.
The direct electrical contacting of redox-enzymes and macroscopic electrodes by means of 
SWCNTs represents the possibility to construct nanoscale devices that bridges biosensor 
technology and nanotechnology. For example, by aligning oxidative and reductive enzymes on 
the two ends of the
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Fig. 8. Assembly of the SWCNT electrically-contacted glucose 
oxidase electrode. Adapted from Patolsky et al, 2004 91.
GOx was reconstituted on the 
FAD units linked to the ends of 
aligned carbon forest for glucose 
sensing.
Fig. 9 a shows that the 
bioelectrocatalytic oxidation of 
glucose on the Au electrode 
modified with GOx-attached 
nanotubes occured at E > 0.18 V, 
and the electrocatalytic anodic 
current became higher as the 
concentration of glucose 
increased. 
While Fig. 9 b reproduces the 
calibration curves corresponding 
to the anodic currents generated 
by the GOx reconstituted SWCNT 
nanotechnology in biosensor
technology. The oriented assem-
bly of short SWCNTs normal to
electrode surfaces has been ac-
complished by the covalent at-
tachment of the SWCNTs to the
electrode surfaces.[133] This struc-
tural alignment of the SWCNTs
allows the association of redox-
active components to the
carbon nanotubes and the ex-
amination of charge transport
through the SWCNT. A major ad-
vance in the direct electrical con-
tacting of redox enzymes, for ex-
ample, glucose oxidase, and
electrodes by means of SWCNTs
was recently accomplished by
the structural alignment of en-
zymes on the ends of SWCNTs
organized as an array on a
conductive surface.[134] An array
of perpendicularly oriented
SWCNTs on a gold electrode was
fabricated by covalently attach-
ing carboxylic acid functional-
ized SWCNTs, generated by the
oxidative scission of the carbon
nanotubes, to a cystamine mon-
olayer-functionalized gold elec-
trode. The amino-derivative of
the FAD cofactor (flavin adenine
dinucleotide; 10) was covalently
coupled to the carboxylic groups
at the free ends of the standing
SWCNTs (Figure 15A). Cyclic vol-
tammetry experiments revealed
that the FAD units were electri-
cally contacted with the elec-
trode surface. The FAD units
linked to the SWCNTs reveal a
quasireversible cyclic voltammo-
gram, E8=!0.45 V versus satu-
rated calomel electrode (SCE) at
pH 7.4. Coulometric assay of the
FAD redox-wave and microgravi-
metric quartz crystal microba-
lance (QCM) experiments indicat-
ed an average FAD surface
coverage of about 1.5î
10!10 molcm!2. Apo-glucose ox-
idase (apo-GOx) was then recon-
stituted on the FAD units linked
to the ends of the standing
SWCNTs (Figure 15A). The recon-
stitution of the apo-GOx on the
functionalized electrode surface
Figure 15. A) Assembly of the SWCNT electrically-contacted glucose oxidase electrode. B) AFM image of the GOx recon-
stituted on the FAD-functionalized SWCNTs (about 50 nm) monolayer associated with the gold surface. C) Cyclic vol-
tammograms corresponding to the electrocatalyzed oxidation of different concentrations of glucose by the GOx recon-
stituted on the 25 nm long FAD-functionalized SWCNTs assembly: a) 0 mm glucose; b) 20 mm glucose; c) 60 mm glu-
cose; d) 160 mm glucose. Inset : Calibration curve corresponding to the amperometric responses of the reconstituted
GOx-SWCNTs (25 nm) electrode (at E=0.45 V) in the presence of different concentrations of glucose. D) Calibration
curves corresponding to the amperometric responses (at E=0.45 V) of reconstituted GOx-SWCNTs electrodes in the
presence of various concentrations of glucose and different SWCNT lengths as electrical connector units : a) about
25 nm SWCNTs; b) about 50 nm SWCNTs; c) about 100 nm SWCNTs; d) about 150 nm SWCNTs. E) Dependence of the
electron transfer turnover rate between the GOx redox center and the electrode on the lengths of the SWCNTs compris-
ing the enzyme electrodes. (Adapted from ref. [134] , Figures 1, 4, and 6, with permission).
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ing the enzyme electrodes. (Adapted from ref. [134] , Figures 1, 4, and 6, with permission).
ChemPhysChem 2004, 5, 1084 ± 1104 www.chemphyschem.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1095
I. Willner and E. Katz
ig. 9. . Cyclic voltammograms corresponding to the electrocatalyzed oxidation of different 
concentrations of glucose by the GOx reconstituted on the 25 nm long functionalized SWCNTs assembly: 
a) 0 mM glucose; b) 20 mM glucose; c) 60 mM glucose; d) 160 mM glucose. b. Calibration curves 
corresponding to the amperometric responses (at E= 0.45 V) of reconstituted GOx-SWCNTs electrodes in 
the presence  of various concentrations of glucose and different SWCNT lengths as electrical connector 
units : a) about 25 nm SWCNTs ; b) about 50 nm SW Ts ; c) about 100 nm SWCNTs ; d) about 150 nm 
SWCNTs. Adapted from Patolsky et al, 2004 91.
a b
the two ends of the SWCNT, nanobiofuel cell elements at the single molecule scale may be 
generated 92. 
Enzymes generating electrochemically detectable products have been used as amplifying labels 
in numerous bioanalytical processes that follow the formation of biorecognition complexes 
upon DNA hybridization or antigen/antibody recognition 93.
CNTs were loaded with about 9600 alkaline phosphatase (AlkPh) molecules per CNT by 
covalently coupling the protein to the carboxylic groups given by the oxidation cut.
Further modification of the enzyme-functionalized CNTs with biorecognition units (an 
oligonucleotide or an antibody) generated the active CNT-enzyme conjugate for the amplified 
electrochemical detection of the biorecognition events. For example, magnetic particles 
functionalized with the DNA primer were reacted with the complementary analyte DNA 
resulting in double-stranded DNA complex (Fig. 10 a). 
The free strands of the DNA analyte were further hybridized with the complementary 
oligonucleotide linked to the enzyme-functionalized CNTs, thus resulting in the coupling of the 
enzyme labels to the primary DNA complex. The biocatalytic hydrolysis of !-
naphthylphosphate performed by the bound enzyme generated the electrochemically detectable 
!-naphthol product. A 104-fold enhancement in the resulting electrochemical signal was 
observed from the enzyme-CNT hybrid system when compared to a system consisting of a 
single enzyme-label bound to the nucleic acid. This amplification factor agrees well with the 
loading of the enzyme on the CNTs 94. Similarly, enzyme-loaded CNTs, which were 
functionalized with an antibody,  have been applied to amplified electrochemical 
immunosensing (Fig. 10 b) 94.
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a plasma enhanced chemical vapor deposition process. The ex-
ternal ends of the immobilized MWCNTs were chemically oxi-
dized, generating carboxylic groups that were used for cova-
lently coupling an amino-functionalized DNA primer.[86a] The
DNA-functionalized carbon nanotube array was then hybri-
dized with the complementary DNA, and the redox label dau-
nomycin was intercalated into the double-stranded DNA-
carbon nanotube assembly and detected by differential pulse
voltammetry.[136] Similarly, an amino-functionalized DNA cova-
lently bound to the carboxylic groups of aligned SWCNTs on a
gold electrode was hybridized with a ferrocene-labeled com-
plementary oligonucleotide to yield a reversible electrochemi-
cal response of the redox label observed by cyclic voltamme-
try.[137] An enhanced electrochemical signal was provided by
the high surface area of the carbon-nanotube-modified elec-
trode. Electrochemical detection of DNA based on the oxida-
tion of guanine bases has also been performed on a CNT-
modified electrode providing a label-free DNA analysis.[138] By
combining the CNT-modified electrode array with the
Ru(bpy)2þ3 -mediated guanine oxidation m thod, the hybridiza-
tion of less than a few attomoles of oligonucleotide targets
was detected.[139] Using this method, the sensitivity of the DNA
detection was improved by several orders of magnitude com-
pared to methods where the DNA was immobilized using self-
assembled monolayers on conventional electrodes. Also, elec-
trochemical impedance measurements provided a label-free
DNA analysis following hybridi-
zation of DNA on a CNT-modi-
fied electrode.[140]
Fluorescence imaging of
SWCNTs has demonstrated the
specificity of the DNA hybridiza-
tion.[86b] The fluorescence image
obtained after hybridization
with the fully complementary
DNA analyte shows a much
higher fluorescence intensity
than the image obtained after
hybridization with the four-base
mismatch DNA analyte. The
high stability of the DNA±CNT
hybrid, combined with its acces-
sibility to hybridization, indicates
that the DNA oligonucleotides
were covalently bound to the
exterior of the CNTs and were
not wrapped around, or interca-
lated within, the nanotubes.
Moreover, the high accessibility
to hybridization and the mark-
edly increased affinity for aque-
ous buffer after linking the DNA
to the CNTs suggests that the
tubes are highly dispersed. The
ability of the DNA±CNT conju-
gates to hybridize reversibly
with high specificity to comple-
mentary DNA sequences suggests that such conjugates may
find a number of potential uses, such as building blocks for
complex supramolecular structures and their use as functional
elements in selective and reversible biosensors.
Enzymes generating electrochemically detectable products
have been used as amplifying labels in numerous bioanalytical
processes that follow the formation of biorecognition com-
plexes upon DNA hybridization or antigen/antibody recogni-
tion.[141] The association of numerous amplifying enzyme com-
ponents on the biorecognition complexes is a fundamental
challenge in bioanalysis. Various nanostructures, such as lipo-
somes,[142] have been employed as carriers for biocatalysts and
the recognition sites in biosensor systems. Similarly, functional-
ized CNTs hav be used as carri rs of m ltiple nzyme labels
for electrochemical DNA sensing and immunosensing.[143] CNTs
were loaded with about 9600 alkaline phosphatase (AlkPh)
molecules per the CNT by covalently coupling the protein to
the carboxylic groups associated with the oxidized CNTs. Fur-
ther modification of the enzyme-functionalized CNTs with bio-
recognitio units (an oligonucleotide or an antibody, for the
DNA sensing or immunosensing, respectively) generated the
active CNT±enzyme conjugate for the amplified electrochemi-
cal detection of the biorecognition events. For example, mag-
netic particles functionalized with the DNA primer (11) were re-
acted with the complementary analyte DNA (12) resulting in
the double-stranded DNA complex (13) Figure 17A. The free
Figur 17. A) Electrochemical DNA sensing and B) immunosensing using th alkaline phosphatase-functionalized CNTs
as the biocatalytic amplifying tags. C) TEM image of the magnetic beads±DNA±CNT assembly produced following a
20 min hybridization with the 10 pgmL"1 DNA target sample. D) Chronopotentiometric signals for various concentra-
tions of the DNA target : a) 0.01; b) 0.1; c) 1; d) 50; e) 100 pgmL"1. (PSA=potentiometric stripping analysis). Bottom:
The derived calibration plot. (Adapted from ref. [143] , Figures 1, 2A, and 4, with permission. Copyright American
Chemical Society, 2004).
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processes that follow the formation of biorecognition com-
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tion.[141] The association of numerous amplifying enzyme com-
ponents on the biorecognition complexes is a fundamental
challenge in bioanalysis. Various nanostructures, such as lipo-
somes,[142] have been employed as carriers for biocatalysts and
the recognition sites in biosensor systems. Similarly, functional-
ized CNTs have been used as carriers of multiple enzyme labels
for electrochemical DNA sensing and immunosensing.[143] CNTs
were loaded with about 9600 alkaline phosphatase (AlkPh)
molecules per the CNT by covalently c upling the protein to
the carboxylic groups associated with the oxidized CNTs. Fur-
ther modification of th enzyme-functi nalized CNTs with bio-
recognition units (an oligonucleotide or an antibody, for the
DNA sensing or immunosensing, respectively) generated the
active CNT±enzyme conjugat for t amplified electrochemi-
cal detec of the bi recognition events. For example, mag-
netic par icles functionaliz d with the DNA primer (11) were re-
act d with the complementary analyte DNA (12) resulting in
the d uble-stranded DNA complex (13) Figure 17A. The free
Figure 17. A) Electrochemical DNA sensing and B) immunosensing using the alkaline phosphatase-functionalized CNTs
as the biocatalytic amplifying tags. C) TEM image of the magnetic beads±DNA±CNT assembly produced following a
20 min hybridization w th the 10 pgmL"1 DNA target sample. D) Chronopoten iometric signals for various concentra-
tions of the DNA target : a) 0.01; b) 0.1; c) 1; d) 50; e) 100 pgmL"1. (PSA=potentiometric stripping analysis). Bottom:
The derived calibration plot. (Adapted from ref. [143] , Figures 1, 2A, and 4, with permission. Copyright American
Chemical Society, 2004).
ChemPhysChem 2004, 5, 1084 ± 1104 www.chemphyschem.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1097
I. Willner and E. Katz
Fig. 10. a. Electrochemical DNA sensing and b. Immunosensing using the alkaline 
phosphatase-functionalized CNTs as the biocatalytic amplifying tags. J. Wang et al, 2004 94.
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Theoretical fundamentals of the 
biosensor moieities

2.1 Carbon Nanotubes
Diamond and graphite are the two main forms of crystalline carbon. In diamond each sp3 
hybridized carbon atom is bonded to four others in the corresponding tetrahedral 
configuration, forming an extended three-dimensional network where the chair conformation of 
cyclohexane is the motif.
Graphite is made by planar sheets where sp2 carbon atoms are arranged in a hexagonal 
network, whose motif is the benzene ring.
The third carbon allotrope, fullerene or buckminsterfullerenes, was discovered in 1985 by Rick 
Smalley and co-workers 1. Fullerenes consist of a family of spheroidal or cylindrical molecules 
with all the carbon atoms sp2 hybridized, similar to closed cages with honeycomb atomic 
arrangement. The most famous fullerene is C60, which is a truncated icosahedral structure with 
60 atoms bonded together in twelve pentagonal rings and twenty hexagonal rings. This atomic 
arrangement gives to it the characteristic soccer ball shape.
In 1990, at a carbon-carbon composites workshop, Rick Smalley proposed the existence of a 
tubular fullerene. He envisioned a bucky tube that could be made by elongating a C60 
molecule. 
Experimental evidence of the existence of carbon nanotubes came for the first time in 1991 in 
Japan with Iijima 1.
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discovered that the particle was iron oxide from sand paper. Iron oxide is
now well-known as a catalyst in the modern production of carbon nanotubes. 
Although carbon nanotubes were observed four decades ago, it was not
until the discovery of C60 and theoretical studies of possible other fullerene
structures that the scientific community realized their importance. Since this
pioneering work, carbon nanotube research has developed into a leading
area in nanotechnology expanding at an extremely fast pace. Only 9 papers
containing the words “carbon nanotube” were published in 1992 and over
5000 publications were printed in 2004. All this interest in this new form of
(a) (b)
Figure 1.3 Models of the first fullerenes discovered, C60 and C70.
Figure 1.4 Transmission electron micrographs (TEMs) of the first observed multi-
walled carbon nanotubes (MWNTs) reported by Iijima in 1991. (From S. Iijima. Helical
microtubules of graphitic carbon, Nature, 354, 56–58, 1991.)
ba c
3 nm
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Fig. 1. Transmission electron micrographs 
(TEMs) of the first observed multi-walled 
carbon nanotubes (MWNTs) reported by Iijima 
in 1991 1.
By means of a high resolution transmission 
electronic microscopy Iijima observed fullerenic 
type tubular structures in the soot produced by 
an arc discharge between two electrodes of 
graphite. Powder obtained was carbon needle-
shaped structures where every needle was 
made of coaxial sheets of graphene, capped on 
its tips by fullerene type hemispheres. 
Nanotubes consisted of up to several tens of 
graphitic shells (so- called multi-walled carbon 
nanotubes, MWNT) with adjacent shell 
separation of ! 0.34 nm, diameters of ! 1 nm 
and high length/diameter ratio 2 (Fig 1).
Two years later,  Iijima and Ichihashi 3 and 
Bethune et al. 4 synthesized single-walled 
carbon nanotubes (SWNT) and elucidated their 
structure 5.
The electronic properties of a SWCNT are directly correlated with its diameter and helicity. In 
other words, the way the graphene sheet is rolled determines the fundamental properties of the 
tube.
In Fig. 2 is schematically represented a 2D graphite layer with 2 vectors, Ch and T whose 
rectangle delimits the area of the unit cell of a generic (n,m) tube.
The roll-up vector Ch = na1 + ma2 connects two equivalent carbon atoms, where a1 and a2 are the 
graphene lattice vectors, while n and m are the integers.
The translation vector T is along the axis of the tube and orthogonal to Ch, and its magnitude 
represents the length of the unit cell of an (n,m) tube.
n and m are also called indexes and determine the chiral angle ! = tan–1[!3(n/(2m + n))]. 
The chiral angle is used to separate carbon nanotubes into three classes differentiated by their 
electronic properties:  armchair (n = m, != 30˚), zig-zag (m = 0, n > 0,  != 0˚), and chiral (0 < |m| 
< n, 0 < !< 30˚).
Fig. 2 shows idealized images of defect-free SWCNTs (n,m) with open ends when they form 
structures with different electronic bands. Armchair carbon nanotubes are metallic, while zig-
zag and chiral tubes are semiconductors when (n - m)/3 is not an integer, otherwise they are 
metallic too.
This section will be deeply discussed in the paragraph 2.1.2 “Electronic properties”.
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Structure and Electronic Properties of Carbon Nanotubes
Teri Wang Odom, Jin-Lin Huang, Philip Kim, and Charles M. Lieber*
Department of Chemistry and Chemical Biology and DiVision of Engineering and Applied Sciences,
HarVard UniVersity, Cambridge, Massachusetts 02138
ReceiVed: October 7, 1999; In Final Form: January 6, 2000
Scanning tunneling microscopy, spectroscopy, and tight-binding calculations have been used to elucidate the
unique structural and electronic properties of single-walled carbon nanotubes (SWNTs). First, the unique
relationship between SWNT atomic structure and electronic properties, and the richness of structures observed
in both purified and chemically etched nanotube samples are discussed. Second, a more detailed picture of
SWNT electronic band structure is developed and compared with experimental tunneling spectroscopy
measurements. Third, experimental and theoretical investigations of localized structures, such as bends and
ends in nanotubes, are presented. Last, quantum size effects in nanotubes with lengths approaching large
molecules are discussed. The implications of these studies and important future directions are considered.
Introduction
Carbon nanotubes are currently the focus of intense interest
worldwide. This attention to carbon nanotubes is not surprising
in light of their promise to exhibit unique physical properties
that could impact broad areas of science and technology, ranging
from super strong composites to nanoelectronics.1-3 Recent
experimental studies have shown that carbon nanotubes are the
stiffest known material4,5 and buckle elastically (vs fracture)
under large bending or compressive strains.5,6 These mechanical
characteristics demonstrate clearly that nanotubes have signifi-
cant potential for advanced composites. We believe, however,
it is the remarkable electronic properties of carbon nanotubes
that offer the greatest intellectual challenges and potential for
novel applications. For example, theoretical calculations first
predicted that single-walled carbon nanotubes (SWNTs) could
exhibit either metallic or semiconducting behavior depending
only on diameter and helicity.7-9 This ability to display
fundamentally distinct electronic properties without changing
the local bonding, which was recently experimentally demon-
strated through atomically resolved scanning tunneling micro-
scopy (STM) measurements,10,11 sets nanotubes apart from all
other nanowire materials.12,13
SWNTs can be viewed as an extension in one-dimension (1D)
of different fullerene molecular clusters or as a strip cut from
an infinite graphene sheet and rolled up to form a tube (Figure
1a). Major characteristics of their electronic properties can be
built up from relatively simply Hu¨ckel-type models using p(pi)
atomic orbitals. The diameter and helicity of a SWNT are
uniquely characterized by the roll-up vector Ch ) na1 + ma2
≡ (n,m) that connects crystallographically equivalent sites on
a two-dimensional (2D) graphene sheet, where a1 and a2 are
the graphene lattice vectors and n and m are integers. The
limiting, achiral cases, (n,0) zigzag, and (n,n) armchair are
indicated with dashed lines in Figure 1b. The translation vector
T is along the tube axis and orthogonal toCh, and its magnitude
represents the length of the unit cell of an (n,m) tube. The rolled-
up area swept out by T and Ch (Figure 1b, gray) corresponds
to the repeat unit of an (n,m) tube; hence, a nanotube’s (n,m)
symmetry determines the size of its unit cell, which can vary
greatly among tubes.
Electronic band structure calculations predict that the (n,m)
indices determine whether a SWNT will be a metal or a
semiconductor.7-9 To understand this unique ability to exhibit
distinct electronic properties within an all-carbon sp2 hybridized
Figure 1. Schematic of a 2D graphene sheet illustrating lattice vectors
a1 and a2, and the roll-up vector Ch ) na1 + ma2. The limiting, achiral
cases of (n,0) zigzag and (n,n) armchair are indicated with dashed lines.
The translation vector T is along the nanotube axis and defines the 1D
unit cell. The shaded, boxed area represents the unrolled unit cell formed
by T and Ch. The diagram is constructed for (n,m) ) (4,2).
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Functionalization of Single-Walled Carbon Nanotubes
Andreas Hirsch*
1. Introduction
Research into carbon nanotubes has, in the past, mainly
concentrated on the investigation of their physical proper-
ties.[1±4] The size of these macromolecular carbon allotropes
and the continuous development of the fields of scanning
tunneling microscopy and electron spectroscopy has made it
possible to conduct precise investigations of individual
molecules. Thus it was demonstrated that carbon nanotubes
possess an array of unprecedented structural, mechanical, and
electronic properties. For example, carbon nanotubes can
exhibit metallic conductivity at the same time as: a) chemical
and thermal stability, b) extremely high tensile strength and
elasticity, c) the ability to absorb gas molecules as nano-
capillaries, d) s lubility when treated with surf ctants, and
e) the potential of further chemical functionalization.
Uniquely, these are stable organic molecules that require no
additional doping to become metallic conductors. Once this
property profile was known, the question of technological
applications quickly arose. In reaching this goal, however, it is
necessary that not only singl molecules, but also large
ensembles, of the most pure and uniform nanotubes possible
can be manipulated and investigated by analytical methods.
This goal is currently a great challenge for chemists and
materials scientists. In this context, chemical functionalization
is an especially attractive target, as it can improve solubility[5]
and processibility and allows the unique properties of single-
walled nanotubes (SWNTs) to be coupled to those of other
types of materials. Carbon nanotubes can be divided into
SWNTs and multi-walled nanotubes (MWNTs). In this
Minireview, the focus is on SWNTs, as their monomolecular
character and the related simpler structure, and easier
handling for chemical functionalization make them especially
interesting (Figure 1).
Figure 1. Idealized representation of defect-free (n,m) SWNTs with open
ends. A) A metallic conducting (10,10) tube (™armchair∫), B) a chiral,
semiconducting (12,7) tube, and C) a conducting (15,0) tube (™zigzag∫).
The armchair (A) and zigzag (C) tubes are achiral. All the (n,n) armchair
tubes are metallic, whilst this is only the case with chiral or zigzag tubes if
(n!m)/3 is a whole number, otherwise, they are semiconductors.[1±4]
2. Synthesis and Purification of SWNTs
Several methods are known for the synthesis of SWNTs.[4]
The first synthesis proceeded by arc discharge of graphite in
the presence of metal catalysts (e.g. Fe, Co, Ni)[4] . Alternative
routes are based on the laser vaporization of graphite ±Ni ±
Co mixtures or chemical vapor deposition (CVD), in which
carbon sources such as acetyl ne, metallocenes, Fe(CO)5/
C2H2, and CO can be used.[4] With one particular method, in
which CO serves as the carbon source, very thin nanotubes
[*] Prof. Dr. A. Hirsch
Institut f¸r Organische Chemie
der Universit‰t Erlangen-N¸rnberg
Henkestrasse 42, 91054 Erlangen (Germany)
Fax: ("49)9131-852-68-64
E-mail : Hirsch@organik.uni-erlangen.de
Abstract: Through chemical functionalization of single-
walled carbon nanotubes, the prerequisites for possible
applications of such anostructures are established. The
derivatized tubes differ from the crude materials in their
good solubility, which enables both a more extensive
characterization and subsequent chemical reactivity.
Current derivatization methods include defect and co-
valent sidewall functionalization, as well as noncovalent
exo- and endohedral functionalization. In this way, for
example, a range of nanotubes can be prepared: with
sidewall substituents, wrapped with polymers, or with
guest molecules included. The current state of the
literature is presented in this Minireview.
Fig. 2. a. The graphene sheet labeled with the integers (n, m). The diameter, chiral angle, and type can 
be determined by knowing the integer  (n, m). b. A) A metallic conducting (10,10) tube (“armchair”), 
B) a chiral, semiconducting (12,7) tube, and C) a conducting (15,0) tube (“zig zag”) 6.
a b
2.1.1 Production
There are a number of methods of making carbon nanotubes (CNTs) and fullerenes. CNTs have 
probably been around for a lot longer than was first realized, and may have been made during 
various carbon combustion and vapor deposition processes, but electron microscopy at that 
time was not advanced enough to distinguish them from other types of tubes. 
The first method for producing CNTs in reasonable quantity was by tuning the arc discharge 
synthesis method used by Bacon and Iijima. In fact,  the first mass production of CNTs was 
reported less than a year after Iijima’s 1991 publication 7.
Other methods such as the laser ablation and the chemical vapour deposition (CVD) were also 
successfully examined in the production of carbon nanotubes. The laser ablation process is 
technically similar to the arc discharge method 8. The difference between these two methods is 
in the quality and purity of the obtained products. However,  the arc discharge and the different 
types of CVD are the most promising and utilized techniques in the large scale production of 
carbon nanotubes and related materials. 
Whichever is the method involved in their production, the basic prerequisites for the formation 
of CNTs are an active catalyst, a source of carbon, and adequate energy. 
Arc discharge evaporation
The arch discharge evaporation method allows to provide both SWCNTs and MWCNTs in the 
quantity scale of gram. 
The procedure is based on the methodology to make carbon whiskers developed by Bacon and 
it exploits a low voltage (25-40 V), high current (50-150 A) and power supply (as an arc welder).
An arc is produced across a 1 mm gap between two high-purity graphite electrodes. The anode 
is either pure graphite or contains a metals, which are mixed with the graphite powder and 
introduced in a hole made in the anode center.
The synthesis is carried out at low pressure (from 100 to 1000 torr) in controlled atmosphere 
composed of inert and/or reactant gas and the reaction time varies from 30–60 seconds to 2–10 
minutes.
The temperature in the inter-electrode zone is so high (it reaches 4000 °C) that carbons sublimes 
from the positive electrode (anode) that is consumed. A plasma is formed between the 
electrodes and when carbon condenses at the cathode, it acquires the shape of carbon 
nanotubes, fullerenes and amorphous carbon.
Both Iijima and Bethune 4 found that SWCNTs could only form by adding metal catalyst to the 
anode. Several metal catalyst compositions produce SWCNTs, but the current standard widely 
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used for SWCNT production is a Y:Ni mixture that has been shown to yield up to 90% SWCNT.
There are several variations one can make to tailor the arc discharge process. Currently most of 
the growth processes are carried out in an Ar:He gas mixture.  The diameter of the SWCNTs can 
be controlled by tailoring the Ar:He gas ratio, with greater Ar yielding smaller diameters.
The inner diameter of the MWNTs varies from 1 to 3 nm, the outer diameter varies in the range 
of 2–25 nm, the tube!length!does!not!exceed!1!!m,!and!the!tubes!have!closed!tips. 
The SWNTs have closed tips too, the diameter is comprised between 1.1 and 1.4 nm and are 
several microns long. 
In general, the nanotubes produced by this synthesis method need extensive purification before 
use. On the other hand, both SWCNTs and MWCNTs made from this process are now 
commercially available relatively inexpensively 9.
Fig. 3. Schematic of an arc discharge chamber 9.
Laser ablation synthesis
In 1996, Smalley et al. at Rice University successfully developed a laser ablation method for the 
“mass production” of SWCNTs 10.
Other improvements were made by Thess et al.  11 and Rao et al. 12 using double beam laser. A 
laser beam (532 nm),  is focused onto a metal-graphite composite target which is placed in a 
high-temperature furnace (1200 °C). The laser beam scans across the target surface under 
computer control to maintain a smooth, uniform face for vaporization. The soot produced by 
the laser vaporization is swept by the flowing Ar gas from the high-temperature zone, and 
deposited onto a water-cooled copper collector positioned downstream, just outside the 
furnace. 
The laser ablation technique uses a 1.2 at.% of cobalt/nickel with 98.8 at.% of graphite 
composite target while a composition consisting of 1 at.% each of Ni and Co, uniformly mixed 
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mixture. By tailoring the Ar:He gas ratio, the diameter of the SWCNTs
formed can be controlled, with greater Ar yielding smaller diameters.33 The
anode–cathode distance can be changed to vary the strength of the plasma
formed in between. The overall gas pressure has been shown to affect the
weight percent yield of SWCNTs.34 Several metal catalyst compositions pro-
duce SWCNTs, but the current standard widely used for SWCNT production
is a Y:Ni mixture that has been shown to yield up to 90% SWCNT, with an
average diameter of 1.2 to 1.4 nm.35 In general, the nanotubes produced by
this synthesis method need extensive purification before use. On the other
hand, both SWCNTs and MWCNTs made fr  this process are now com-
mercially avail ble relatively inexpensively, and have been for several years.
2.2.2 Laser ablation synthesis
The first large-scale (gram quantities) production of SWCNTs was achieved
in 1996 by the Smalley group at Rice University (Figure 2.5).30 The laser
ablation technique uses a 1.2 at. % of cobalt/nickel with 98.8 at.% of graphite
composite target that is placed in a 1200˚C quartz tube furnace with an inert
atmosphere of ~500 Torr of Ar or He and vaporized with a laser pulse. A
pulsed- or continuous-wave laser can be used. Nanometer-size metal catalyst
particles are formed in the plume of vaporized graphite. The metal particles
catalyze the growth of SWCNTs in the plasma plume, but many by-products
are formed at the same time. The nanotubes and by-products are collected
via condensation on a cold finger downstream from the target. The yield
Figure 2.4 Schematic of an arc discharge chamber.
Figure 2.5 Schematic of a laser ablation furnace.
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with graphite, resulted in the best purity. The metal particles catalyze the growth of SWCNTs in 
the plasma plume, but many by-products are formed at the same time, such as graphitic and 
amorphous carbon, “bucky onions” (concentric fulleriod spheres) surrounding metal catalyst 
particles and small fullerenes (C60, C70, etc.).
Nanotubes produced by laser ablation have higher purity (up to about 90% pure) and their 
structure is better graphitized than those produced in the arc process. The disadvantage of this 
method is the small carbon deposit. The laser ablation technique favors the growth of SWNTs. 
MWNTs are generated only employing special reaction conditions.
Fig. 4. Schematic of a laser ablation furnace. 
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Chemical vapor deposition
Fig. 5. Thermal-CVD experimental set-up 13. 
The class of processes that seems to offer the best chance to obtain a controllable methodology 
for the selective production of nanotubes is chemical vapour deposition.
Chemical vapor deposition is a generic name for a group of chemical processes that involve 
depositing a solid material form a gaseous phase onto a substrate. Hence, formation of carbon 
filaments occurs from the catalytic decomposition of carbon-containing gas over metal surfaces. 
The first evidence that this technique could be used to synthesize carbon nanotubes was with 
Yacamàn et al. 14.
Today it is considered as the only economically viable process for large-scale CNTs production 
and the integration of CNTs into various devices.
In principle, a gaseous carbon feedstock is flowed over transition metal nanoparticles at 
medium to high temperature (550 to 1200˚C) and reacts with the nanoparticles to produce 
SWCNTs. Carbon filaments grow during flight and are collected at the bottom of the chamber 
when the system is cooled to room temperature. The nanotube growth mechanism involves the 
dissociation of hydrocarbon molecules catalyzed by the transition metal,  and the saturation of 
carbon atoms in the metal nanoparticle. The precipitation of carbon from the metal particle 
leads to the formation of tubular carbon solids in a sp2 structure.
The characteristics of the carbon nanotubes produced are tunable operating on working 
conditions such as the temperature and the operation pressure, the kind, volume and 
concentration of hydrocarbon, the nature, size and the pretreatment of metallic catalyst, the 
nature of the support and the reaction time 15.  By varying the active particles on the surface of 
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the catalyst, the nanotube diameter can be controlled. The length of the tubes depends on the 
reaction time; even up to 60 mm long tubes can be produced. 
Using CVD method, several structural forms of carbon are formed such as filaments and 
powder of amorphous carbon, graphite layers, SWNTs and MWNTs made from well-
crystallized graphite layers.  This method also allows selective CNT growth in a variety of 
forms, such as powder 16 and aligned forrest of CNTs 17 (Fig. 6).
CVD in its various forms produces SWCNT material of higher atomic quality and higher 
percent yield than the other methods currently available.
HiPCO synthesis
HiPCO, which stands for high-pressure catalytic decomposition of carbon monoxide, is a 
method for the preparation of SWCNTs using high pressure CO as the carbon source. 
Though related to CVD synthesis, HiPCO deserves a separate mention, since from its original 
development by Smalley’s research group at Rice University, currently it is the only 
methodology that can make SWCNTs on a kilogram per day scale 19 reason why in recent years 
it has become a source of high-quality distribution SWCNTs around the world.
The catalysts used in this process are formed in situ from a volatile organometallic catalyst 
precursor (usually Fe(CO)5 or Ni(CO)4) introduced into the reactor with a stream of carbon 
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Water-Assisted Highly Efficient
Synthesis of Impurity-Free
Single-Walled Carbon Nanotubes
Kenji Hata,*. Don N. Futaba,* Kohei Mizuno, Tatsunori Namai,
Motoo Yumura, Sumio Iijima
We demonstrate the efficient chemical vapor deposition synthesis of single-
walled carbon nanotubes where the activity and lifetime of the catalysts are
enhanced by water. Water-stimulated enhanced catalytic activity results in
massive growth of superdense and vertically aligned nanotube forests with
heights up to 2.5 millimeters that can be easily separated from the catalysts,
providing nanotube material with carbon purity above 99.98%. Moreover,
patterned, highly organized intrinsic nanotube structures were successfully
fabricated. The water-assisted synthesis method addresses many critical
problems that currently plague carbon nanotube synthesis.
Single-walled carbon nanotubes (SWNTs)
are a key aspect in the emerging field of
nanotechnology; however, large-scale syn-
thesis is still limited because of the difficul-
ties in synthesizing SWNTs. Current synthesis
methods suffer from the production of
impurities that must be removed through
purifications steps, which can damage the
nanotubes. Dispersion of SWNTs in solu-
tions for further processing also presents
challenges because the smooth-sided tubes
readily aggregate and form parallel bundles
or ropes as a result of van der Waals in-
teractions. We report a rational yet simple
and general synthetic approach that concur-
rently addresses these problems, in which the
activity and lifetime of the catalysts are
dramatically enhanced by the addition of a
controlled amount of water vapor in the
growth atmosphere.
We wanted to find a weak oxidizer that
would selectively remove amorphous carbon
but would not damage the nanotubes at the
growth temperature, because coating of the
catalyst particles by amorphous carbon dur-
ing chemical vapor deposition (CVD)
reduces their activity and lifetime (1). We
found that water acts in promoting and
preserving catalytic activity. SWNTs were
grown by ethylene CVD by using Ar or He
with H2 that contained a small and controlled
amount of water vapor (2). Balancing the
relative levels of ethylene and water was
crucial to maximize catalytic lifetime. Water-
assisted growth was successfully carried out
on various catalysts that generate SWNTs,
including Fe nanoparticles (3) from FeCl3
and sputtered metal thin films (Fe, Al/Fe,
Al2O3/Fe, Al2O3/Co) on Si wafers, quartz,
and metal foils, which demonstrates the
generality of our approach.
Water-stimulated catalytic activity results
in the growth of dense and vertically aligned
SWNT forests with millimeter-scale height
in a 10-min growth time. Our best result to
date is 2.5 mm in 10 min (Fig. 1, A and B).
In contrast with standard ethylene CVD
growth, where the catalysts are only active
for about 1 min, a height increase of the
forests has been observed after 30 min for
water-assisted growth. The SWNT/catalyst
weight ratio exceeds 50,000%, more than
100 times as high as that of the high-pressure
carbon monoxide (HiPco) process (4). Pro-
vided that the amount of water is well
controlled, growths are highly reproducible.
A close examination (Fig. 1C) at the ledge of
the SWNT forest illustrates that the nano-
tubes are densely packed and vertically
aligned from the substrate. Low-resolution
transmission electron microscopy (TEM)
studies (Fig. 1D) of the as-grown forest
reveal the presence of only thin nanotubes
and the absence of metallic particles and
supporting materials that usually comprise a
major constituent of as-grown material.
High-resolution TEM studies (Fig. 1E and
fig. S1) show that the nanotubes are clean
SWNTs free from amorphous carbon and
metal particles. We have taken hundreds of
high-resolution TEM images, and double- or
multi-walled carbon nanotubes (MWNTs)
were rarely found. Raman spectra (fig. S2)
at 514 nm excitation showed clear radial
breathing mode peaks (RBM), which con-
firmed the existence of SWNTs. The sizes of
the SWNTs were estimated from the peaks
to be in the range of 1 to 3 nm, in agreement
with those measured by TEM.
The SWNT forest structure can be easily
removed from the substrate with, for example,
a razor blade (movie S1). After removal, the
substrate is still catalytically active and can
grow SWNT forests again, indicating a root-
growth mode and the presence of the catalysts
on the substrate. Thermo-gravimetric analysis
(TGA) was implemented on 10 mg of the as-
grown material (Fig. 2A). No measurable
residue remained after heating above 750-C,
indicating very high purity. The combustion
range of the SWNTs was 550-C to 750-C,
with the peak weight reduction occurring at
700-C, a result very similar to that of pu-
rified, high-quality SWNTs synthesized by a
laser-oven method (5). Quantitative elemen-
tal analysis with x-ray fluorescence spec-
R E P O R T S
Fig. 1. SWNT forest grown with
water-assisted CVD. (A) Picture
of a 2.5-mm-tall SWNT forest on
a 7-mm by 7-mm silicon wafer.
A matchstick on the left and
ruler with millimeter markings
on the right is for size reference.
(B) Scanning electron microsco-
py (SEM) image of the same
SWNT forest. Scale bar, 1 mm.
(C) SEM image of the SWNT
forest ledge. Scale bar, 1 mm. (D)
Low-resolution TEM image of the
nanotubes. Scale bar, 100 nm. (E)
High-resolution TEM image of the
SWNTs. Scale bar, 5 nm.
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Fig. 6. A. Picture of a 2.5-mm-tall 
SWCNT forest on a 7-mm by 7-mm 
silicon wafer. The matchstick on the 
left is for size reference. B. Scanning 
electron microscopy (SEM) image of 
the same SWCNT forest, Scale bar, 1 
mm. C. SEM image of the SWNT forest 
ledge. Scale bar, 1  micron. D. low 
resolution TEM image of the 
nanotubes. Scale bar, 100 nm. E. High 
resolution TEM image of the SWNTs. 
Scale bar, 5 nm 18.
monoxide gas at 900 to 1100°C and at a pressure of 30 to 50 atm. The organometallic species 
decomposed at high temperature, as a consequence of disproportionation of CO by nanometer-
size metal particles, forming metal clusters on which SWCNTs nucleate and grow:
CO + CO ! C(s) + CO2
Yields of SWCNT material are claimed to be up to 97% atomic purity. The SWCNTs made by 
this process have diameters between 0.7 and 1.1 nm. By tuning the pressure in the reactor and 
the catalyst composition, it is possible to tune the diameter range of the nanotubes produced.
Fig. 7. Schematic of a HiPco furnace 9. 
Solar Energy 
This method was originally utilized by several groups to produce fullerenes. Heben et al.   20  and 
Laplaze et al. 21 later modified the original devices, mainly using more powerful ovens, to 
achieve carbon nanotubes production.
As laser ablation, the principle of this technique is again based on the sublimation of a mixture 
of graphite powder and catalysts placed in a crucible in an inert gas. The solar rays are collected 
by a plain mirror and reflected toward a parabolic mirror that focuses them directly onto a 
graphite pellet. The high temperature of about 4000 K causes both the carbon and the catalysts 
to vaporize. The vapors are then dragged by the neutral gas and condense onto the walls of the 
thermal screen.
With Ni/Co mixtures,  at low pressure, the sample collected contains mainly MWCNTs, carbon 
shells and some bundles of SWCNTs. 
At higher pressures, only bundles of SWCNTs are obtained, with fewer carbon shells.  Relatively 
long bundles of SWCNTs are observed with Ni/Y and at high pressure. 
Flamant et al. 22 and Luxembourg et al. 23 recently demonstrated that solar energy-based 
synthesis is a versatile method for scaling up SWCNTs production from 0.1 g/h to 100 g/h.
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SWCNTs anywhere from 0.4 to 5 nm can be readily produced, and depending
on t e condit o s, feedstock, and cataly , the yi ld can xceed 99% (weight
perc nt of final material) and the final product can be completely free of
amorphous carbon. Due to its promise and its breadth, the remaining sec-
tions (Sections 2.3 and 2.4) of this chapter will be devoted to CVD synthesis.
2.2.3.2 High-pressure carbon monoxide synthesis
One of the recent methods for producing SWCNTs in gram to kilogram
quantities is the HiPco process (Figure 2.7).37,38 Though related to CVD syn-
thesis, HiPco deserves a separate mention, since in recent years it has become
a source of high-quality, narrow-diameter distribution SWCNTs around the
world. The metal catalyst is for ed in situ whe  Fe(CO)5 or Ni(CO)4 is
injected into th  reactor along with a stream of carbon monoxide (CO) gas
at 900 to 1100˚C and at a pressure of 30 to 50 atm. The reaction to make
SWCNTs is the disproportionation of CO by nanometer-size metal catalyst
particles. Yields of SWCNT material are claimed to be up to 97% atomic
purity. The SWCNTs made by this process have diameters between 0.7 and
1.1 nm. By tuning the pressure in the reactor and the catalyst composition,
it is possible to tune the diameter range of the nanotubes produced.39
2.2.3.3 Flame synthesis
Though still not a viable method for the production of high-quality SWCNTs,
so-called flame synthesis has the potential to become an extremely cheap
and simple way to produce nanotubes. Flames have been shown to produce
MWCNTs since the early 1990s.40 First exhibited for the production of
SWCNTs by Vander Wal et al., a hydrocarbon flame composed of ~10%
ethylene or acetylene with Fe or Co (cobaltacene, ferrocene, cobalt acetylac-
etonate) particles interspersed and diluted in H2 and either He or Ar was
ignited by the researchers. Since then, many groups have been able to pro-
duce SWCNTs,41–46,101 and there has been a brief review written by Height et
al. on the specifics of various methods for both MWCNT and SWCNT
production.32 The current yields are low, but it is extremely attractive and
Figure 2.7 Schematic of a HiPco furnace. The CO gas + catalyst precursor is injected
cold into the hot zone of the furnace, while excess CO gas is “showered” on it from
all sides. Empirically this leads to the highest yield and longest individual nanotubes
formed by this process.
1200°C
Furnace
Cooling Water
Hot CO
Cold CO +
Ferrocene
"Showerhead" Injector of hot CO
30-50 atm CO
SWCNT growth zone
© 2006 by Taylor & Francis Group, LLC
The sample quality has been investigated with respect to process parameters including target 
length, buffer gas (He or Ar) and location of the samples collection. Both parameters strongly 
affect the quantity of SWNTs but the influence of the buffer gas is dominant. The quality of the 
produced material increased with the target length in helium while its effect in argon was not so 
relevant, and poor quality product was obtained. 
The best sample was synthesized using Ni-Co catalyst with 2 at.% of each in He atmosphere 
with target length of 15 cm. The SWNTs diameter is in the range of 1.2-1.6 nm. 
Electrolysis
Electrolysis is a less common method for CNT production which was developed by Hsu et al. in 
1995 24.
In this method carbon nanotubes are generated by passing a current in a molten ionic salt 
between two electrodes. During the reaction alkali or alkaline-earth metals dissociates from 
their chloride salt on a graphite cathode.  The cathode erodes during the electrolysis and 
formation of carbon nanostructures follows due to the interaction of the metal being deposited 
with the cathode. After the electrolysis the carbonaceous material is extracted by dissolving the 
ionic salt in distilled water and separating the dispersion by filtration.
Electrolytic products formed are a mixture of CNTs and a large proportion of carbon 
nanoparticles of different structures.
The nanotubes produced are usually multi-walled, however, Bai et al. 25 have grown SWCNTs 
by electrolytic conversion of graphite to nanotubes in fuses NaCl at 810°C using Ar as inert gas.
SWNTs are estimated to be 1.3-1.6 nm in diameter, while MWCNTs possess diameters of 10-20 
nm, consisted of only a few walls and are estimated to be more than 500 nm long.
The advantages of this method are the apparatus simplicity, the use of cheap row materials, the 
low energy consumption and the possibility to control the product structures by optimizing 
electrolysis conditions and bath composition 26.
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2.1.2 Properties
Electronic properties
The nanometer dimensions of the carbon nanotubes together, with the unique electronic 
structure of graphene sheet make the electronic properties of these one-dimensional structures 
highly unusual.
As explained in the previous paragraph, a carbon nanotube is geometrically just a rolled up 
graphene sheet. Its structure can be specified by its circumferential periodicity (Ch), as 
described using the chiral vector (AA’ in Fig. 8), which connects two crystallographically 
equivalent sites on a graphene sheet. In this way, the CNT’s geometry is specified by the pair of 
integers (n, m), denoting the relative position of the pair of atoms on a graphene strip, which, 
when rolled onto each other, form a tube.
Theoretical calculations 27,28 showed that electronic properties of carbon nanotubes are very 
sensitive to their geometric structure. Although graphene is a zero-gap semiconductor (Fig. 9), 
theory has predicted that carbon nanotubes can be metals or semiconductors, with different size 
energy gaps, depending vert sensitively on the diameter and helicity of the tubes.
An isolated sheet of graphite is a zero-gap semiconductor whose electronic structure near the 
Fermi energy is given by an occupied ! band and an empty !! band.  
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ABSTRACT
Carbon nanotubes are quasi one-dimensional nanostructures with
unique eletrical prroperties that make them prime candidates for
molecular electronics, which is certainly a most promising direction
in nanotechnology. Early theoretical works predicted that the
electronic properties of “ideal” carbon nanotubes depend on their
diameter and chirality. However, carbon nanotubes are probably
not as perfect as they were once thought to be. Defects such as
pentagons, heptagons, vacancies, or dopant are found to modify
drastically the electronic properties of these nanosystems. Irradia-
tion processes can lead to interesting, highly defective nanostruc-
tures and also to the coalescence of nanotubes within a rope. The
introduction of defects in the carbon network is thus an interesting
way to tailor its intrinsic properties, to create new potential
nanodevices. The aim of the present Acount is to investigate
theoretically the effects of different types of defects on the
electronic properties of carbon nanotubes, and to propose new
potential applications in nanoelectronics.
1. Introduction
Carbon nanotubes are an interesting class of nanostruc-
tures which can be thought to arise from the folding of a
graphene sheet, which is a planar crystalline structure of
hexagonal carbon rings, resembling chicken wire. The
nanotubes are usually described using the chiral vector
(AA! in Figure 1), Ch ) n × a1 + m × a2, which connects
two crystallographically equivalent sites (A and A!) on a
graphene sheet (where a1 and a2 are unit vectors of the
hexagonal honeycomb lattice and n and m are integers)
(see Figure 1). This chiral vector Ch also defines a chiral
angle θ, which is the angle between Ch and the zigzag
direction of the graphene sheet (Figure 1). Each nanotube
topology is usually characterized by these two integer
numbers (n,m), thus defining some peculiar symmetries
such as armchair (n,n) and zigzag (n,0) classes (see Figure
2).
In 1992, a few theoretical works1-3 predicted that the
electronic properties of “ideal” carbon nanotubes depend
on the width of the graphene sheet (diameter of the tube)
and the way it is folded (chirality of the tube), which are
both functions of (n,m). The electronic properties of a
nanotube vary in a periodic way between being metallic
and semiconductor and follows a general rule: if (n - m)
is a multiple of 3, then the tube exhibits a metallic
behavior (finite value of carriers in the density of states
at the Fermi energy); if (n - m) is not a multiple of 3,
then the tube exhibits a semiconducting behavior (no
charge carriers in the density of states at the Fermi energy)
(see Figure 2).
Five years later, using scanning tunneling microscope
probes at low temperature,4,5 experimentalists measured
* E-mail: charlier@pcpm.ucl.ac.be.
Jean-Christophe Charlier studied physics at the Catholic University of Louvain
(UCL-Belgium) in the Faculty of Applied Science for Engineering and got his Ph.D.
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Prof. R. Car, where he did pioneering work on the microscopic growth
mechanisms for carbon nanotubes using quantummolecular dynamics. His major
subjects are solid-state theory, ab initio calculations, and the materials science
of carbon. He is a senior research associate of the National Fund for Scientific
Research of Belgium and associate professor at the Catholic University of Louvain.
FIGURE 1. Schematic diagram showing the possible wrapping of
the two-dimensional graphene sheet into tubular forms. In this
example, a (5,3) nanotube is under construction, and the resulting
tube is illustrated on the right.
FIGURE 2. Electronic properties of two different carbon nanotubes.
(a) The armchair (5,5) nanotube exhibits a metallic behavior (finite
value of charge carriers in the DOS at the Fermi energy, located at
zero). (b) The zigzag (7,0) nanotube is a small gap semiconductor
(no charge carriers in the DOS at the Fermi energy). Sharp spikes
in the DOS are van Hove singularities (a,b).
Acc. Chem. Res. 2002, 35, 1063-1069
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Fig. 8. Schematic diagram showing the possible wrapping of the two-
dimensional graphene sheet into tubular forms. In this example, a (5,3) 
nanotube is under construction, and the resulting tube is illustrated on 
the right 29.
These two bands have linear dispersion and, as shown in Fig. 10 a, meet at the Fermi level at the 
K point in the Brillouin zone. The Fermi surface of an ideal graphite sheet consists of the six 
corner K points. When forming a tube, only a certain set of k states of the planar graphite sheet 
is allowed.  
The allowed set of k values, indicated by the lines in Fig. 10 b and c, depends on the diameter 
and helicity of the tube.
Whenever the allowed k include the point K, the system is a metal with a non-zero density of 
states at the Fermi level. When the point K is not included, the system is a semiconductor with 
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Fig. 9. The electronic energy states of metals form a series of bands which are 
filled by electrons up to a maximum energy level defined by the Fermi level. In 
a band insulator electrons completely fill the lower valence band, but do not 
cross into the upper conduction band. The electronic energy-states of graphene 
form two cone-shaped bands that meet at their tips. There is no band gap, so 
the material is classes as a metal. Adapted from Fuhrer M.S. et al, 2009 30.
Electronic, thermal and mechanical properties of nanotubes 2067
a1
a2
θ
A
A
1 2 3 1
2 3
4 5
(5,3)
Ch
Figure 1. Schematic showing a possible wrapping f the 2D graphene sheet into a tubular form.
In this example, a (5, 3) nanotube is under construction and the resulting tube is illustrated on
the right.
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Figure 2. (a) Tight-binding band structure of graphene (a single basal plane of graphite), showing
the main high symmetry points. (b) Allowed k-vectors of the (5, 5), (7, 1) and (8, 0) tubes (solid
lines) mapped onto the graphite Brillouin zone.
denoting the relative position Ch = na1 +ma2 of the pair of atoms on a graphene
strip which, when rolled onto each other, form a tube (a1 and a2 are basis vectors of
the hexagonal honeycomb lattice; see figure 1). This chiral vector Ch also defines a
chiral angle θ, which is the angle betweenCh and the zigzag direction of the graphene
sheet.
Theoretical calculations (Hamada et al. 1992; Mintmire et al. 1992; Saito et al.
1992) showed early on that the electronic properties of the CNTs are very sensitive to
their geometric structure. Although graphene is a zero-gap semiconductor, theory has
predicted that the CNTs can be metals or semiconductors with different sized energy
gaps, depending very sensitively on the diameter and helicity of the tubes, i.e. on
the indices (n,m). The physics behind this sensitivity of the electronic properties
of CNTs to their structure can be understood within a band-folding picture. It is
due to the unique band structure of a graphene sheet, which has states crossing the
Phil. Trans. R. Soc. Lond. A (2004)
Fig. 10. a. Tight-binding band structure of graphene. b. Allo ed k-vectors of the (5,5), (7,1) and (8,0) tubes 
(solid line) mapped onto the Brillouin zone. Adapted from Dresselhaus M.S. et al, 200431a. c. Three-
dimensional view of the graphene !/!* bands and its 2D projection. Adapted from Odom T.W. et al, 20031b.
a
b
network, it is instructive to consider the 2D energy dispersion
of graphite. Graphite is a semi-metal or zero-gap semiconductor
whose valence and conduction bands touch and are degenerate
at six K (kF) points; these six positions define the corners of
the first Brilluion zone (Figure 2a). As a finite piece of the 2D
graphene sheet is rolled up to form a 1D tube, the periodic
boundary conditions imposed by Ch can be used to enumerate
the allowed 1D subbands, the quantized states resulting from
radial confinement, as follows:
where q is an integer. If one of these allowed subbands passes
through one of the K points, the nanotube will be metallic and
otherwise semiconducting. As demonstrative examples, Figures
2b and 2c show the allowed subbands for two zigzag tubes,
(9,0) and (10,0), respectively. Notice that the (9,0) subbands
contain a K point while none of the (10,0) subbands do. The
condition for metallic tubes is
Thus to first order, zigzag (n,0) or chiral (n,m) SWNTs are
metallic when (n - m)/3 is an integer and otherwise semicon-
ducting.
Independent of helicity, the energy gaps of the semiconduct-
ing (n,0) and (n,m) tubes should depend inversely on diameter.
This inverse dependence of the energy gap on diameter can be
understood qualitatively as follows: The semiconducting energy
gap corresponds to the vertical separation between pi and pi*
bands at the same k position of the 1D subband closest to K
(Figures 2a and 2c). Because the separation of 1D subbands is
inversely proportional to diameter, larger semiconducting tubes
will have an allowed state closer to K and have a correspond-
ingly smaller energy gap. In addition, the finite curvature of
the tubes also leads to mixing of the pi/σ bonding and pi*/σ*
antibonding orbitals on carbon. This mixing should cause the
graphene band crossing (kF) to shift away from the K point
and should produce small gaps in (n,0) and (n,m) metallic tubes
with the magnitude of the gap depending inversely on the square
of the diameter.7,14 However, (n,n) armchair tubes are expected
to be truly metallic since kF remains on the subband of the
nanotube.15
Scanning tunneling microscopy and spectroscopy (STS) offer
the potential to probe these predictions about the electronic
properties of carbon nanotubes, since these techniques are
capable of resolving simultaneously the atomic structure and
electronic density of states of a material. In this Feature Article,
we will describe a broad range of studies drawn primarily from
the authors’ laboratory addressing the unique electronic proper-
ties of SWNTs. First, we will discuss the relationship between
atomic structure and electronic properties and comment on the
richness of structures observed in both purified and chemically
etched nanotube samples. Second, we address in more detail
SWNT electronic band structure with a comparison of tunneling
spectroscopy measurements and tight-binding calculations.
Third, we depart from the intrinsic electronic properties of
perfect structures and describe experimental and theoretical
investigations of localized structures such as bends and ends in
nanotubes. Fourth, we discuss quantum size effects in nanotubes
with lengths as small as three nanometers. Last, we conclude
with a brief summary and prospects for future studies of these
materials.
General Experimental Methods
Sample Preparation and STM Imaging. SWNTs were
grown by laser vaporization and purified using published
methods.16,17 Samples suitable for STM studies were prepared
by spin coating nanotube suspensions of dichloroethane onto
Au(111) surfaces.11,18 To ensure reasonable nanotube dispersion
on the substrate (∼1 µm separation between ropes), test samples
were prepared and imaged by atomic force microscopy prior to
insertion in the STM. STM imaging studies were carried out in
our home-built, low temperature, ultrahigh vacuum (UHV) STM
using electrochemically etched W tips in the constant current
mode with the bias voltage (V) applied to the tip. The resolution
and calibration of the STM were confirmed in-situ by imaging
of the atomic lattice and steps of the Au (111) substrate surface.
A typical large-scale STM image of individual tubes and small
ropes containing a number of individual SWNTs is shown in
Figure 3a.
Spectroscopic Characterization. STS measurements were
made by averaging 5-10 current vs voltage (I-V) curves at
specified locations on atomically resolved SWNTs. Typically,
6-8 distinct locations were measured for a given atomically
resolved nanotube. The normalized conductance, (V/I)dI/dV,
which has been shown to provide a good measure of major
features in the local density of electronic states (LDOS) for
metals and semiconductors,19 was calculated from digital I-V
data using standard methods.11,18,19 I-V data recorded from
individual SWNTs and small ropes often showed small shifts
of 0.1-0.3 V, while larger ropes typically exhibited no shifts.
These shifts may be due to charge transfer from the substrate.
To ensure the reliability of these measurements we routinely
checked that clean areas of the Au(111) substrate exhibited
characteristic metallic I-V curves and the expected 2D surface
state20 of this material. In addition, we routinely checked that I
varied exponentially with tip-sample separation to verify the
presence of a clean vacuum tunneling junction.
Figure 2. (a) Three-dimensional view of the graphene pi/pi* bands
and its 2D projection. (b) Example of the allowed 1D subbands for a
metallic tube. Schematic depicts (9,0). (c) Example of the quantized
1D subbands for a semiconducting tube. Schematic shows (10,0). The
white hexagon defines the first Brilluion zone of graphene, and the
black dots in the corners are the graphene K points.
Ch • k ) 2piq (1)
Ch • kF ) 2piq (2)
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di!erent sized energy gaps.
Hence, CNTs come in three varieties: large gap, tiny gap and zero gap. The (n, n) tubes, also 
known as armchair tubes, are always metallic within the single-electron picture, independent of 
curvature because of their symmetry (Fig. 11).
As the tube radius, R, increases, the band gaps of the large-gap and tiny-gap varieties decrease 
with a 1/R and 1/R2 dependence, respectively.
Thus, for most experimentally observed carbon nanotube sizes, the gap in the tiny-gap variety, 
which arises from curvature e!ects, is so small that,  all the n!m = 3j tubes can be considered as 
metallic at room temperature.  Thus, a (7, 1) tube would be metallic, whereas a (8, 0) tube would 
be semiconducting (Fig. 11).
Recently, ultra-small-diameter SWNTs (diameter ca. 0.4 nm) have been produced by confining 
their synthesis inside inert AlPO4 -5 zeolite channels (with inner diameter of ca. 0.73 nm) 32. The 
ultra-small diameter of these tubes gives them many unusual properties, such as 
superconductivity 33.
There have also been high-resolution low-temperature scanning tunnelling microscopy (STM) 
studies,  which directly probe the relationship between the structural and electronic properties 
of the CNTs 34.
In these measurements, the resolution allowed for the identification of the individual carbon 
rings. From the orientation of the carbon rings and the diameter of the tube, the geometric 
structure of the tube was fully deduced. Moreover, the local density obtained from 
measurements of conductance was in very good agreement with theoretical predictions. 
From the study emerged also that CNTs are probably not as perfect as they were supposed to 
be. Defects like pentagons, heptagons, vacancies or dopant species are found to drastically 
modify the electronic properties of these nanosystems.
The introduction of defects into the carbon network is thus an interesting way to tailor its 
intrinsic properties. It has been shown that the introduction of pentagon-heptagon pair defects 
into the hexagonal network of a single carbon nanotube can change the helicity of the carbon 
nanotube and alter its electronic structure 35.
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        Armchair nanotube (5,5)      Zigzag nanotube (7,1)
Fig  11. Electronic densities of states for the (5,5), and (8,0) tubes showing singularities characteristic of 1D 
systems. The (5,5) armchair  nanotube is metallic for symmetry reasons. The (7,1) chiral tube displays a tiny 
gap due to curvature e!ects, but will display a metallic behaviour at room temperature. The (8,0) zig zag 
tube is a large-gap semiconductor. Adapted from Charlier J. C., 2002 29.
The defects, however, must induce zero net curvature to prevent the tube from flaring or 
closing. 
The smallest topological defect with minimal local curvature and the lowest energy cost is a 
pentagon-heptagon pair.  Joining a semiconducting nanotube to a metallic one, using a 
pentagon-heptagon pair incorporated in the hexagonal network can thus be proposed as the 
basis of a nanodiode for nano-electronics.
Mechanical properties
The carbon–carbon chemical bond in a graphene layer is probably the strongest chemical bond 
known in nature in an extended system.
Many of the envisaged applications of nanotubes,  such as composite reinforcement or 
lubrication, are related in one way or another to their mechanical properties, and therefore a 
great deal of experimental and theoretical studies have been devoted to their characterization.
The mechanical properties of a material in the linear regime are commonly specified by the 
definition of a series of moduli (elastic constants, Young’s modulus, Poisson ratio, etc.).
The Young modulus along a given direction is defined as:
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Fig. 12. a. Molecular model of a SWCNT piral, constructed by insertion of pentagons 
and heptagons within the hexagonal network. b. Curvature induced by insertion of 
heptagons and pentagons. The +30° pentagon declination cancels the -30° heptagon 
inclination 36.
a b
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detailed studies of the 1D physics of single-walled CNTs using resonance Raman
spectroscopy.
Raman spectra of CNTs, particularly at the single-nanotube level, have been espe-
cially rich in information. Because of the simplicity of the geometrical structure
of nanotubes, detailed analysis of the Raman spectra has yielded much informa-
tion about the phonon-dispersion relations, such as information about their trigonal
warping. Such information is not yet available for 2D graphite, but can be studied in
nanotubes because of their one-dimensionality. Because of the close coupling between
electrons and phonons under resonance conditions, Raman spectra have also provided
valuable and detailed information about electronic structure, such as an evaluation
of the magnitude of the trigonal warping effect for electrons, yielding information
not readily available by the use of other probes.
4. Mechanical properties of nanotubes
The carbon–carbon chemical bond in a graphene layer is probably the strongest
chemical bond in an extended system known in nature. Since CNTs are nothing but
seamlessly rolled-up graphene layers (see figure 1), from the time of their discovery
it has been speculated that these nanostructures have exceptional mechanical prop-
erties, and to quantify these properties has become a topic of great interest in the
field of nanotechnology. Many of the envisaged applications of nanotubes, such as
composite reinforcement or lubrication, are related in one way or another to their
mechanical properties, and therefore a great deal of experimental and theoretical
studies have been devoted to their characterization. In this section we first make some
general comments on how to quantify the mechanical properties at the nanoscale,
pointing out the peculiarities that arise due to the reduced dimensions of tubular
nanostructures. Secondly, we review the experimental efforts aimed at a determina-
tion of the mechanical properties of nanotubes, and finally we also discuss theoretical
studies alo the same lines. Due to space constraints, we cannot provide an exhaus-
tive review of the topic; we do nevertheless hope to provide a summary of the most
significant results. More extensive reviews of this topic re given by Yakobson &
Avouris (2001) and Quian et al. (2003).
The mechanical prope ties of a material in the linear regime are commonly specified
by the definition of a series of moduli (elastic constants, Young’s modulus, Poisson
ratio, etc.) which have been traditionally defined in a macroscopic context, i.e. all
dimensions of the material fall in the same scale, which is typically much larger
than the molecular scale. One of the unusual features of nanotubes is that they
simultaneously involve widely varying scales: their length can be macroscopic, up
to millimetres, while their wi th falls in the nanoscale. In the case of SWNTs, the
thickness of the nanotube shell is an ill-defined concept, for what is the thickness
of a shell one-atom thick? As pointed out elsewhere (Herna´ndez et al. 1998, 1999;
Yakobson & Avouris 2001), the use of macroscopic concepts, such as elastic moduli,
to characterize the mechanical properties of nanoscopic objects, such as nanotubes,
has to be done with some care, and this generally requires the adoption of some
conventions. Let us illustrate this with Young’s modulus. The Young modulus along
a given direction is defined as
Y =
1
Veq
(
∂2E
∂"2
)
!=0
, (4.1)
Phil. Trans. R. Soc. Lond. A (2004)
where E is the total energy of the system, Veq is the equilibrium volume of the system and ! is 
the strain.  For a SWNT a better definition would be:
 
where Seq is the nanotube surface area at zero strain, which can be determined unambiguously.
A frequently used convention is Veq = Seq h, where h = 0.34 nm, i.e. the interlayer spacing in 
graphite.
A large  number of direct experimental measurements of Young’s modulus of nanotubes have 
appeared in the literature.
The first study reporting the measurement of Young’s modulus of multi-walled nanotubes 
(MWNTs) was due to Treacy et al. (1996) 37. 
The physical basis underlying these experiments is the correlation of the thermal oscillation 
amplitude of the free ends of anchored nanotubes as a function of temperature with Young’s 
modulus.  Treacy and co-workers obtained the thermal amplitude for a series of anchored 
MWNTs using transmission electron microscopy (TEM) at di"erent temperatures. 
They obtained a mean value of 1.8 TPa, though the values for individual nanotubes ranged 
from 0.4 to 4.15 TPa, reflecting the difficulties in carrying out these measurements due to the 
simultaneous macroscopic and microscopic approximations  needed with CNTs.
A subsequent study on SWNTs using the same experimental approach was performed by the 
same team 38. 
This time a larger sample of nanotubes was employed, and a mean value of Y = 1.25 TPa was 
obtained, which is much closer to the C11 graphite basal plane elastic modulus.
A di"erent experimental set-up to determine the Young modulus of MWNTs has been used by 
Wong et al. (1997). These authors used the tip of an atomic force microscope (AFM) to bend 
cantilevered nanotubes laterally, recording at the same time the force exerted by the bent 
nanotube on the AFM tip as a function of the lateral displacement. From this information, 
Young’s modulus can be extracted, and Wong and co-workers thus reported an average value of 
Young’s modulus of 1.28 ± 0.5 TPa.
Falvo et al. (1997) 39 also used an AFM to bend MWNTs laterally; the lateral distortions inflicted 
on the tubes were considerable, but still no failure of the nanotube structures was observed, 
testifying to the flexibility and capacity for reversible deformation, in other words, toughness, of 
these structures. 
Other approaches have given Young modulus values of 0.8 ± 0.4 TPa and 10–50 GPa 40 
presumably reflecting the influence of a large density of structural defects in catalytically grown 
nanotubes.
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where E is the total energy of the system, Veq is the equilibrium volume of the system
and ! is the strain. As mentioned above, for an SWNT there is no unambiguous way
of defining Veq; therefore, a better definition would be
Y˜ =
1
Seq
(
∂2E
∂!2
)
!=0
, (4.2)
where Seq is the nanotube surface area at zero strain, which can be determined unam-
biguously. If one insists on using equation (4.1) to characterize the response to an
elastic axial deformation of an SWNT, then a convention for determining Veq must
be adopted. A frequently used convention is Veq = Seqh, where h = 0.34 nm, i.e. the
interlayer spacing in graphite. It must be stressed, however, that this choice is moti-
vated by convenience for comparison with graphite, and there is nothing fundamental
about it.
Since it is expected that nanotubes find application in reinforcement of materials,
their response to deformatio in th elastic regime is n t the only important aspect
of their echanical p operties. At l ast equally important is their behaviour at large
(tensile and compressive) strains, the yield mech nism and str ngth t failure and
their buckling when bent, since these will ultimately determine the properties of
the material. This is currently a challenging and active field of research at both the
experimental and theoretical levels.
(a) Experi ental studies
The manipulation of nanoscaled objects is a difficult and challenging task, but in
spite of this, a number of direct experimental measurements of Young’s modulus of
nanotubes have appeared in the literature. The first study reporting the measure-
ment of Young’s modulus of multiwall nanotubes (MWNTs) was due to Treacy et
al. (1996). The physical basis underlying these experiments is the correlation of the
thermal oscillatio amplitude of the free end of anchored nano ubes as a function
of tempera ure with Young’s modulus. This correl tion is possible if one regards
a nanotube as a hollow cylind r with a given wall t ickness; for such a system the
mean-squared vibrational amplitude of the free tip is directly proportional to the tem-
perature and inversely proportional to Young’ modulus. Theref re, the latter can
be obtained by plotting the mean-squared amplitude versus the temperature. Treacy
and co-workers obtained the thermal amplitude for a series of anchored MWNTs
using transmission electron microscopy (TEM) at different temperatures. Averag-
ing over all observed nanotubes, they obtained a mean value of 1.8 TPa, though
the values for individual nanotubes ranged from 0.4 to 4.15 TPa, reflecting the dif-
ficulties in carrying out these measurements. In spite of the uncertainties implicit
in the scatter of these data, they confirmed the expectation that CNTs possessed
exceptional mechanical properties. A subsequent study using the same experimental
approach on SWNTs was performed by the same team (Krishnan et al. 1998). This
time a larger sample of nanotubes was employed, and a mean value of Y = 1.25 TPa
was obtained: a value much closer to the C11 graphite basal plane elastic modulus.
Employing the same technique, Chopra & Zettl (1998) determined the Young mod-
ulus of boron nitride (BN) nanotubes, obtaining a value of 1.22 TPa. This result
raised the expectation that BN nanotubes could be as stiff as carbon nanotubes.
Phil. Trans. R. Soc. Lond. A (2004)
Although the experimental data on elastic modulus are not very uniform, overall the results 
correspond to the values of in-plane rigidity C = 340 ! 440 N/m, that is to the values Y = 1.0!1.3 
GPa for multi-walled tubes, and to Y = 4C/d = (1.36 ! 1.76) TPa nm/d for SWNT’s of diameter 
d. 
Concerning the resilience, both experimental evidence and theory-simulations suggest the 
ability of nanotubes to significantly change their shape, accommodating to external forces 
without irreversible atomic rearrangements. 
They develop kinks or ripples (multi-walled tubes) in compression and bending, flatten into 
deflated ribbons under torsion, and still can reversibly restore their original shape. 
This resilience is unexpected for a graphite-like material, although folding of the mono-atomic 
graphitic sheets has been observed. It must be attributed to the small dimension of the tubes. 
An early observation of noticeable flattening of the walls in a close contact of two MWNT has 
been attributed to Van der Walls forces pressing the cylinders to each other. 
Collapsed forms of the nanotube (“nanoribbons”), also caused by Van der Waals attraction, 
have been observed in experiment (Fig. 13 b) , and their stability can be explained by the 
competition between the Van der Waals and elastic energies.
Graphically more striking evidence of resilience is provided by bent structures 42. The bending 
seems fully reversible up to very large bending angles, despite the occurrence of kinks. 
This apparent flexibility stems from the ability of the sp2 network to rehybridize when 
deformed out of plane, the degree of sp2–sp3 rehybridization being proportional to the local 
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Fig. 13. Simulation of torsion and collapse. The strain energy of a 
25  nm long (13,0) tube as a  function of torsion angle. a. The 
cylinder flattens into an helix b. Collapsed tube. Adapted from 
Dresselhaus M.S. et al, 2001 41.
a b
curvature 43.
The accumulated evidence thus suggests that the strength of the carbon–carbon bond does not 
guarantee resistance to radial, normal to the graphene plane deformations. 
In fact, the graphitic sheets of the nanotubes, or of a plane graphite 44, though di!cult to stretch, 
are easy to bend and to deform.
Defects
Defects in nanomaterials drastically influence their optical, mechanical and thermal properties. 
As in other nanostructures,  the conductance and other properties of nanotubes are strongly 
influenced by defects. The presence of defects brings benefits,  including the introduction of 
anchor points for chemical functionalization or charge injection, leading to the realization of 
new potential nanodevices.
The possible defective structures can be classified into four main groups:  topological, if 
introduction of ring sizes other than hexagons is involved, rehybridization, which refers to the 
ability of carbon atom to hybridize between sp2 and sp3 configuration, incomplete bonding defects, 
when vacancies  (Fig. 14 a) or dislocations are present, and finally doping with other elements 
than carbon.
New intramolecular junctions, created by interposing one multiple pentagon-heptagon defects 
in the hexagonal network, lead to new carbon nanostructures which could function as metal-
semiconductor, metal-metal or semiconductor-semiconductor nano-bridges.
When the pentagon is attached to the heptagon, it generate a change in the helicity and in the 
electronic properties of the tube. 
It has been shown that electron densities of states related to the two nanotubes change 
dramatically, yielding a metallic tube from a semiconducting one (Fig. 14 b). The generation of 
new electronic properties in the same device can be proposed as the basis of a nanodiode for 
nanoelectronics.
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Single-wall carbon nanotubes have also been observed to 
respond to uniform atom loss through surface 
reconstruction. 
Drastic  shrinkage of cylinders was observed during 
controlled electron irradiation of isolated single-wall 
nanotubes, since their diameter decreased from 1.4 nm to 0.4 
nm 45. Under uniform irradiation conditions, atom removal 
from the irradiated nanotubes occurs at a slower rate as long 
as irradiation persists.
By mending these holes trough atomic rearrangements, the Fig. 14 a. Typical vacancy defects.
heptagons and hexagons, has been proposed 46.
When these sheets are rolled up in order to generate single-walled nanotubes, they resemble the 
radiolaria drawings by Haeckel (Fig. 15). These defective tubes exhibit very interesting 
electronic properties since local densities of state calculations revealed an intrinsic metallic 
behaviour, independent of orientation, tube diameter and chirality. Furthermore, possibility of 
superconductive properties has also taken in consideration, due to the presence of unusually 
high intensity-peaks at the Fermi level.
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Fig. 14. Atomic structure and related electron densities 
of states of an (8,0)-(7,1) intramolecular carbon 
junction. The red balls delimited the heptagon-
pentagon pair. Adapted from Charlier J. C., 2002 29.
surface of the original nanotube 
reconstructs into a highly defective 
monoatomic layer cylinder of smaller 
diameter. 
The simulations illustrate that the surface 
reconstruction and size reduction of a 
perfect  nanotube occur mainly by dangling 
bond saturation, thus forming non 
hexagonal structures rings and 5/7-like 
defects pairs. 
Non hexagonal rings such as squares, 
pentagons, heptagons, octagons, nonagons 
and decagons were observed at certain 
stages of the surface reconstruction.
However,  the unstable high-membered 
rings are found to disappear,  leading five, 
six and seven-membered rings, with 
consequent intrinsic metallic behaviour of 
the final tubes.
A novel class of perfect crystals, consisting 
of layered sp2-like carbon and containing 
Fig. 15. Non chiral Haeckelite nanotubes of similar diameter (1.4 nm) 
containing different combinations of pentagons, hexagons and heptagons 
and resulting in different morphologies. Adapted from Charlier J. C., 2002 
gesting less confinement of the electrons in the radial and
circumferential directions of the nanotube and confirming
a smaller one-dimensional nature of the conduction
within single-wall defective nanotubes.
5. Haeckelite Nanotubes
Following the previous idea of increasing the metallic
behavior of the nanotubes, a novel class of perfect crystals,
consisting of layered sp2-like carbon and containing
periodic arrangements of pentagons, heptagons, and
hexagons, has been proposed.19 These sheets are rolled
up so as to generate single-wall nanotubes (Figure 6),
which resemble locally the radiolaria drawings of Ernst
Haeckel.19 These “ideally” defective tubes exhibit intrigu-
ing electronic properties: local density of states (LDOS)
calculations of all Haeckelite tubes revealed an intrinsic
metallic behavior, independent of orientation, tube di-
ameter, and chirality. Particularly, an unusually high
intensity LDOS peak at the Fermi level is noticed for the
family of tubes depicted in Figure 6b, thus suggesting the
possible existence of superconductivity, as the electron-
phonon coupling is expected to be also enhanced by the
tube curvature. Our calculations also reveal that these
Haeckelite structures are more stable than C60 and have
energies of the order of 0.3-0.4 eV/atom with respect to
graphene, allowing the potential synthesis of this new class
of nanotubes.
Considering the universal metallicity properties of
Hackelites, they should offer advantages compared to
carbon nanotubes in applications. If they can be manu-
factured, there is no necessity for diameter or helicity
selection to separate metallic structures (i.e., for electronic
interconnect applications). But how can one envision
making these structures in the laboratory? One could use
single-walled nanotubes as templates to generate these
architectures. In the previous section, it was shown that
electron irradiation results in the lattice reconstructions
in single-wall nanotubes, resulting in nanotubes with
penta-hexa-hepta rings.18 Similar experiments using
different radiation sources coupled with mechanical com-
pression/stretching (which could also initiate stone-wales
transformation) of single-wall nanotubes may also lead
to tubules and sheets containing pentagons, heptagons,
and hexagons. An alternative route to Haeckelites could
be chemical surface reconstruction processes using strong
acids or halogens, which could promote defects saturated
with functional groups. Subsequent temperature anneal-
ing in inert gases will be necessary to achieve covalently
bonded structures containing pentagons, heptagons, and
hexagons. However, these synthetic processes would
probably not lead to perfect and symmetric Haeckelite
nanotubes, but they will most certainly lead to tubular
covalent structures with metallic properties. Identification
of these structures, even if they are successfully synthe-
sized, is going to be challenging; scanning tunneling
microscopy (STM) could be used to identify their structure
and distinguish them from normal carbon nanotubes. But
considering that pentagonal and heptagonal defects are
not easily identifiable by STM, finding Hackelites will be
quite challenging. Further theoretical STM strudies and
electron diffraction simulations are necessary for their
identification. The Raman effect is also extremely useful
for providing information about defects in individual
nanotubes; Haeckelite tubes certainly possess a peculiar
Raman signature.
6. Coalescence of Carbon Nanotubes
The coalescence of single-wall nanotubes has also been
studied in situ in a transmission electron microscope.20
Two of the outer tubes present in a bundle can coalesce
under electron irradiation at high temperature, leading
to a larger diameter cylinder of nearly double the circum-
ference (4 times the cross section). Intermediate stages
of coalescence are also osberved in situ (see ref 20). Such
processes are frequently observed at the edge of the
bundle, probably because free space is needed to establish
the merger. It is also hard to observe clearly any coales-
cence taking place in the interior of the bundles due to
nanotube multidirectional overlapping, which reduces
image contrast during observation. The merging process
is investigated at the atomic level using molecular dynam-
ics simulations.
During the calculation, two adjacent (10,10) nanotubes,
containing a few random vacancies and dangling bonds,
along the nearest-neighboring edge coalesced into a
unique single-wall tube at 1000 °C (Figure 7a-c). The
vacancies are found to induce coalescence via a zipper-
like mechanism, imposing a continuous reorganization of
atoms on individual tube lattices along adjacent tubes.
Other topological defects, such as 5/7 pair defects, induce
the polymerization of tubes. Coalescence seems to be
restricted to tubes with the same chirality, explaining the
low frequency occurrence of this event.
7. Welding Carbon Nanotubes
Following the same idea of merging nanostructures,
covalently connected crossed single-wall carbon nano-
tubes have recently been created using electron beam
welding at elevated temperatures.21 These molecular junc-
tions of various geometries (“X”, “Y”, and “T”) are found
to be stable after the irradiation process. To study the
FIGURE 6. Nonchiral Haeckelite nanotubes of similar diameter (φ
) 1.4 nm). (a) Nanotube segment containing only heptagons and
pentagons paired symmetrically. (b) Nanotube segment exhibiting
repetitive units of three agglomerated heptagons, surrounded by
alternating pentagons and hexagons. (c) Nanotube segment contain-
ing pentalene and heptalene units bound together and surrounded
by six-membered rings.
Defects in Carbon Nanotubes Charlier
1066 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 35, NO. 12, 2002
Following the same idea of merging nanostructures, covalently connected crossed single-wall 
carbon nanotubes have recently been created using electron beam welding at elevated 
temperatures 47.  Complex three and four-points nanotube junctions have been proposed as the 
building blocks of nanoelectronics and, in this regard,  “Y”,  “X” and “T” junctions have been 
considered as prototypes. 
The presence of heptagons is found to play a key role in the topology. The “Y” and “T” 
junctions appear to defy the conventional models in favour of an equal number of five- and 
seven-membered rings to create nanotube junctions.
Electron irradiation and heat were used to form the welded junctions of single-walled carbon 
nanotubes 47,48.
To create an “X” topology, (Fig.  16) six heptagons have been introduced at each crossing point. 
The calculation of the local densities of states has been performed in order to investigate the 
electronic properties of these molecular junctions. 
Results suggested a strong metallic behaviour where the nanotubes cross, presence of localized 
donor states in the conduction band (caused by the presence of heptagons) and high curvature 
of the system.
Fig. 16. Transmission electronic microscope images of “X” and “Y” junctions 47.
These first-time experiments demonstrate that single-walled nanotubes can be welded together, 
suggesting controlled fabrication of molecular circuits and three dimensional nanotube 
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networks.
2.1.3 Chemistry of carbon nanotubes
The outstanding properties exhibited by CNTs make them good candidates for applications in a 
wide range of fields including material and biomedical ones 49,50. 
However,  pristine CNTs possess a total lack of solubility in all the organic solvents and water, 
render them difficult to manipulate and limiting their processability. 
CNTs can be dispersed in some solvents by using sonication but precipitation can be observed 
once the sonication process is over. In order to increase the solubility, a large number of 
methods have been developed including covalent and non-covalent approaches. In this chapter, 
we will give an overview on the state of the art of these procedures.
The covalent approach
The highly aromatic hexagonal network of sp2-hybridized carbons in their sidewalls can be 
covalent functionalized by taking advantage of the curvature of CNTs. Indeed, it can be 
appreciated a change of pyramidalization !p and a misalignment ! of the ! orbitals, main 
reasons why CNTs can undergo addition reactions, similar to that exhibited by fullerenes (Fig. 
17). 
Fullerenes are indeed much more reactive than CNTs as a consequence of the spherical 
geometry and the smaller diameter observed in their structure 51. 
In addition, it can be distinguished different reactivity between metallic and semiconductor 
CNTs as a consequence of a slightly less aromaticity of the first ones, that are more reactive then 
the semiconductor analogues 52. 
Diameter of different CNTs is another factor to consider since important differences can be 
observed;  smaller CNTs are more reactive since the pyramidalization angles and the orbital 
misalignment of carbon nanotubes scale inversely with their diameter.  
In a different approach,  end tips possessing structural defects, the so-called Stone-Wales defects, 
can be advantageous to covalently attached molecules. Indeed, the presence of pentagon-
heptagon pairs remarkably increase the curvature in the zone, increasing consequently their 
reactivity towards addition reactions 53,54.
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Fig. 17. Pyrimidalization angles (!p) for ethylene and methane; some examples of pyramidalization (!p) 
and misalignement (!) angles for C60 fullerene and for (5,5) SWCNT. Adapted from Niyogi et al, 2002 51b.
Derivatization of CNTs by previous oxidation
Oxidation of CNTs has been typically used in order to purify them by removing the traces of 
metallic catalysts employed in the fabrication processes 55,56. 
Typically, sonication in oxygen-containing acids for long time affords smaller segments of CNTs 
with carboxylate groups that are distributed on the CNT surface,  especially in the tips 57,58. 
These carboxylic groups constitute possible anchor points where molecules can be conjugated 
by means of ester or amide bond 59,60. For instance, they are usually activated by using acyl 
chloride intermediates or by means of carbodiimide agents,  such as carbodiimide hydrochloride 
(EDCI) and 1,3-dicyclohexylcarbodiimide (DCC). In this manner, a variety of chemical groups 
have been attached to the tubes in order to enhance their solubility. Oxidized tubes were 
conjugated for the first time with long-chain alkyl amines via amide bond, obtaining an 
improved solubility in organic solvents 61. 
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and individual SWCNT. Therefore, not surprising the chemistry of CNT
emerged as a powerful tool for separating metallic from semiconducting
species.4
CNT have found noteworthy impact in the fields of electronics,5 optoelec-
tronics,6 sensing applications,7 and for optimizing interfaces with polymer
composites that might ultimately pave the way to reinforced fibers.8 In addi-
tion, they readily accept electrons, which can then be transported under nearly
ideal conditions along the tubular axis. The fact that CNTs appear in struc-
turally defined semiconductive or conductive forms turns the CNT into ideal
components for different electronic applications.9
On the other hand, multiple concentric graphene cylinders – MWCNTs –
exhibit metallic or semiconducting properties, which depend solely on their
outermost shell. On account of the large number of concentric cylindrical
graphitic tubes present in MWCNT, they are considered even more suitable in
electron-donor–acceptor ensembles than SWCNT.10
In the context of chemical reactivity, CNT are regarded as either sterically
bulky p-conjugated ligands or as electron deficient alkenes. Joselevich, for
example, discussed in a qualitative description the electronic structure of
SWCNT from a chemical perspective. In fact, this work was based on using
real-space orbital representations and traditional concepts of aromaticity,
orbital symmetry and frontier orbitals.11 Important for the chemical reactivity
is the fact that metallic CNT are slightly less aromatic than semiconducting
ones12 and, in turn, more reactive than the latter.11,4a,4c
Relative to planar graphene the curvature that the carbon frameworks in
CNT possess leads to (i) an appreciable change in pyramidalization (yp) and (ii)
a misalignment (f) of the p-orbitals (see Figure 1). Consequently, CNT exhibit
an increased tendency to undergo addition reactions. It is mainly this reason
why the sidewalls of CNT are much more reactive than planar sheets of
graphene–graphite. However, at the same time, they are found to be less
reactive than fullerenes – here the spherical geometry and the smaller diameters
engender significant strain.13 As aforementioned, the pyramidalization strain is
C2H4
θσpi = 90° θσpi = 109.47° θσpi = 101.6° θσpi = 101.6°
θp = θσpi − 90° = 6°θp = θσpi − 90° = 11.6°θp = θσpi − 90° = 19.47°θp = θσpi − 90° = 0°
1
2
3
4
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Figure 1 Pyramidalization angles (yp) for ethylene and methane; some examples of
pyram dalization (yp) and mis lignment (f) angles for C60 fullerene and for
(5,5) SWNT
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teins[88] via carbodiimide coupling of the respective amino-
functionalized biomolecules or using heterobifunctional cou-
pling reagents. For example, ferritin and bovine serum albumin
(BSA) have been covalently bound to nitrogen-doped MWCNTs
through a two-step process of diimide-activated amidation
(Figure 9A).[89] First, carboxylated MWCNTs were activated by
N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC), forming a stable active ester in the presence of N-
hydroxysuccinimide (NHS). Subsequently, the active ester was
reacted with the amine groups of ferritin or BSA, to form
amide bonds between the MWCNTs and the proteins. This
two-step process avoided the intermolecular conju-
gation of the proteins, and allowed the uniform at-
tachment of proteins on the MWCNTs. This approach
provides a universal and efficient method for attach-
ing biomolecules to carbon nanotubes under ambi-
ent conditions. Figure 9B shows a typical TEM micro-
graph of the ferritin-functionalized MWCNTs. Ferritin
decorates the sidewalls of the carbon nanotubes
densely, and the iron core of each ferritin (about
7 nm) can be clearly observed. The decoration is
quite uniform and exists as a submonolayer. This in-
dicates that the intermolecular aggregation of the
proteins is negligible. Figures 9C and D show repre-
sentative AFM images of the attached BSA on the
MWCNTs. In Figure 9C, a submonolayer of BSA pro-
teins decorates the carbon nanotubes densely, and
no obvious aggregation is observed, whereas in Fig-
ure 9D, the BSA molecules are not densely packed
on the sidewall of the carbon nanotube. The reason
for this is that CNTs with a small diameter may con-
tain fewer structural defects, so they will form fewer
carboxylic acid groups through the acid treatment,
since carboxylic acid groups are preferably derived
from the structural defect sites. Also, carbon nano-
tubes with a small diameter have a higher surface curvature,
which may not match the conformation of the BSA molecules
well.
Also, oligonucleotides have been covalently bound to the
carboxylic groups of CNTs. For example, an amino-functional-
ized oligonucleotide was covalently attached to carboxylic
groups of the oxidized CNTs via carbodiimide coupling.[86d] The
complementary oligonucleotide labeled with fluores-
cein was hybridized with the nucleic acid-functional-
ized CNTs to yield a double-stranded DNA labeled
with the dye and bound to the CNTs. The resulting
DNA±carbon nanotube hybrid system was imaged by
confocal microscopy. The resulting fluorescent
images revealed features as small as 1 mm, which cor-
respond to small bundles, and possibly even single
carbon nanotubes. CNTs covalently functionalized
with DNA all over their sidewalls, as opposed to
those with DNA placed solely on their tips, would
have certain advantages when being manipulated
and positioned into nanoscale devices. The sidewalls
of vertically aligned MWCNTs have been functional-
ized with nucleic acids using azide units as photoac-
tive components (Figure 10).[90] The azidothymidine
(5) reacted photochemically (UV irradiation) with
MWCNTs aligned on a solid support to form the pho-
toadduct (6 ; Figure 10, step i). The oligonucleotides
were then grown on the MWCNT sidewalls using con-
ventional DNA synthesis (repeating steps ii±iv), and
the deprotection of the nucleic acid (step v) yielded
the DNA-modified MWCNTs. This method enables, in principle,
the photolithographic patterning of different DNA sequences
on the CNTs and the fabrication of new types of DNA chips for
genomic research or DNA analysis. Furthermore, the vertically
Figure 9. A) Covalent binding of proteins to CNTs via a two-step process of diimide-actived
amidation. B) TEM image of ferritin-functionalized MWCNTs. C,D) AFM images of BSA-func-
tionalized MWCNTs. (Adapted from ref. [89] , Figures 1, 2, and 3, with permission).
Figure 10. In-situ DNA synthesis on sidewalls of CNTs photoetched with azidothymidine.
(Adapted from ref. [90] , Figure 1, with permission. Copyright American Chemical Society,
2004).
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Fig. 18. Covalent binding of proteins to CNTs via a two-step process of diimide-activated 
amidation. Adapted from Willner I., 2004 67b.
By this way, different molecules of different size and chemical properties such as dendrimers 62, 
porphyrins 63, fluorescent derivatives 64, crown ethers 65, gold nanoparticles 66 and proteins 67, 
among others, have been successfully conjugated (Fig. 18, 19).
Covalent side-wall chemistry
A large number of addition procedures have been reported that normally overcome the intact 
sidewall of CNTs; most diffused are: fluorination, cycloadditions and radical reactions 68a.
Fluorination
The addition of elemental fluor atoms to CNTs can be achieved by the employment of high 
temperatures (250-400 °C) and using hydrofluoric acid as catalyser. As a result, some of the 
activate fluorine specie generated,  will react with the carbon nanostructure 68b, drastically 
modifying the electronic band and obtaining an insulator material. This method is of great 
interest since opens the door to further functionalization by neucleophilic substitutions 69. 
Taking advantage of the weakness of the C-F bond,  organolithium and Grignard  reagents are 
typically used to afford alkyl-functionalized nanotubes 70.
Other approaches describe treatment of  fluoronanotubes with a variety of diamines and diols. 
Moreover,  if the recovered of pristine nanotubes is desired, fluorine atoms can be easily 
removed by using hydrazine in 2-propanol. 
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aligned CNTs provide three-dimensionally roughened matrices
for the immobilization of DNA. Besides the high surface area of
the matrix, the immobilized nucleic acids are sterically available
for hybridization, suggesting that the system could be used to
generate miniaturized DNA chips or sensors.
The carboxylic groups associated with CNTs have been used
to covalently immobilize amino-derivatized organic dyes, such
as phenosafranin[91] and phthalocyanine,[78] providing photo-
electrochemically active interfaces, and to covalently bind poly-
mers (e.g. , poly(m-aminobenzene sulfonic acid)) yielding a
water soluble conductive graft co-polymer.[92] The carboxylic
groups of SWCNTs can also be used to build architectures that
include nanoparticles covalently bound to carbon nanotubes.
For example, SWCNTs have been controllably oxidized along
their lengths and the generated carboxylic groups utilized to
tether gold nanoparticles (about 3 nm) via 2-aminoethanethiol
(7) linkages, Figure 11A.[93] Figure 11B shows a three-dimen-
sional topographic representation f a sin le SWCNT covalently
decorated with gold nanoparticles 2±3 nm in diameter.[93b] Sim-
ilarly, the carboxylic groups along the SWCNTs have been used
to introduce starburst polyamideamine (PAMAM) dendrimers
to the SWCNT surface via carbodiimide coupling.[93a] Also, the
carboxylic groups have been reacted with Cd2+ ions, and CdS
nanoparticles were grown in situ along the CNT sidewalls.[94]
Carbon nanotube sidewalls have also be functionalized with
amino groups. The method of functionalization is based on
the 1,3-dipolar cycloaddition reaction of the azomethine group
to the external surface of the nanotube.[95] The amino-function-
alized carbon nanotubes were further used for the covalent
coupling of amino acids[95b] and biologically active peptides[95c]
to their sidewalls. For example, polypeptides corresponding to
the 141±159 region of the viral envelope protein VP1 of the
foot-and-mouth disease virus have been covalently attached
to CNTs and used for immunoassays.[95c]
Doping carbon nanotubes with foreign atoms (e.g. , silicon
atoms) yields sites that are more easily chemically modified
than the carbon atoms of the regular sidewall structure.[96]
Also, sidewall substituents have been formed by applying pho-
tochemical[79,90] and electrochemical[79,97] methods to generate
active species for the reactions with CNTs. Other chemical reac-
tions[98] resulting in the covalent derivatization of CNT side-
walls, such as fluorination,[98a] attachment dichlorocarbenes,[98b]
or reaction with organic peroxides,[98c] have been developed
recently, and they are outlined in several Review articles.[28,79]
The rich chemistry of CNTs, which can be selectively activat-
ed at the ends or sidewalls, allows their elongation, specific
placement on solid supports and, as a final goal, the genera-
tion of nanocircuitry. All these aims could be fulfilled with the
use of biomolecule±CNT hybrid systems. For example, CNTs
have been elongated by the formation of biomolecule junc-
tions that interconnect the ends of CNTs.[99] Amino-terminated
b-galactoside (8) was covalently bound to the carboxylic
groups at the ends of oxidized SWCNTs yielding sugar-unit-
ended SWCNTs (Figure 12A). The b-galactoside-specific lectin
from Peanut arachis hypogaera was then used as a bioaffinity
linker to couple two sugar-functionalized ends of SWCNTs re-
sulting in long wires of end-to-end interconnected SWCNTs
(Figure 12B).
A key issue in the use of CNTs in nanocircuit fabrication is
the need for their controlled placement at well-defined posi-
tions on surfaces. Previous efforts[100] to control the localization
of nanotubes or nanorods have included the use of microflui-
dics,[100a,b] an applied electric field,[100c,d] or patterning using side
edges of multilayer films.[100e,f] An intriguing approach for the
assembly of nanoscale materials is the use of a biological tem-
plate to direct the positioning of components on a surface. A
novel approach for directional placement of carbon nanotubes
on surfaces was developed with the use of DNA templates.[101]
Double-stranded l-DNA was linearly aligned on a silicon sur-
face pretreated with aqueous poly-l-lysine.[102] Then, the silicon
support with the aligned DNA was reacted with the bifunction-
al reagent 1-pyrenemethylamine hydrochloride (1), which
provided the positively charged protonated amino groups
for electrostatic association with the negatively charged DNA
phosphate groups and the aromatic pyrene group for p±p in-
teraction with the sidewalls of the carbon nanotubes
(Figure 13A). The bifunctional reagent (1) provided a non-
covalent link between the DNA template and the carbon
nanotube along it. Figure 13B shows an AFM image of the
carbon nanotube stretched along the DNA template on the
surface.
Figure 11. A) Carbodiimide coupling reaction used to tether gold nanoparticles
covalently to oxidized sites along SWCNTs. (DCC=dicyclohexylcarbodiimide).
B) AFM three-dimensional topographic representation of a single SWCNT cova-
lently decorated with gold nanoparticles 2±3 nm in diameter. The AFM image
is approximately 50î150 nm2 in size (z scale 0±3.5 nm). (Figure 11A was
adapted from ref. [93a] , Scheme 1; Figure 11B was adapted from ref. [93b] ,
Figure 2; reproduced with permission of the Royal Society of Chemistry.)
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Biomolecule-Functionalized Carbon Nanotubes
Fig. 19. Oxidized SWCNTs have been exploited to tether gold 
nanoparticles via 2-aminoethanethiol linkages. Adapted from Willner 
I., 2004 67b.
Cycloadditions
Cycloadditon procedure comprises a large amount of reactions that have been usually 
employed in order to functionalize CNTs, reminding those classically exploited in organic 
chemistry.
However,  most of the examples are clearly limited by the stability of the final products 
meanwhile retrofunctionalization can be easily achieved by using mild conditions.
[2+1] cycloaddition of carbene species to CNTs was pioneered by Haddon et al, by generating in 
situ the reactive specie using a mixture of CHCl3/NaOH resulting into cyclopropane 
functionalities into the CNT sidewalls 71. 
One of the most versatile methods is the so-called Bingel-Hirsch reaction, in which 
diethylbromomalonate is used as a carbene precursor material obtaining a cyclopropane 
functionality with two esters (Fig. 21).
Further functionalization can be achieved taking advantage of the carboxylic groups, similar to 
that described for the oxidized nanotubes 6. 
In addition, the retro Bingel reaction under mild conditions has been recently described, 
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Fig. 20. Depiction of fluorination of SWCNTs 68.
chains have also been attached to oxidized SWNTs.35,36 Sun
et al. covalently attached a poly(propionylethylenimine-co-
ethylenimine) polymer by both amidation of the acyl chloride
form of oxidized SWNTs and by carbodiimide coupling. These
polymer bound SWNTs were soluble in organic solvents,
enabling investigation of the fluorescence properties. Finally,
a theoretical study by Basiuk et al. found that a significant
energetic difference between amidation of carboxylic groups in
armchair and zigzag SWNTs exists.37 Experimental verification
of this prediction might enable selective solubilization, and
hence separation, of different SWNT types.
It has been pointed out that the types of modifications
discussed in the above paragraphs, being primarily restricted
to nanotube ends, are too localized to appreciably change the
bulk properties of the material. Attesting to this fact, these
functionalizations do not significantly affect the spectroscopic
properties of the SWNTs, as is seen in more extensive sidewall
functionalizations (vide infra). For some applications, however,
this type of localized chemistry may be desirable, as the full
electronic capabilities of the SWNTs remain intact. Despite the
localized nature of this chemistry, the solubility of the resulting
SWNTs is generally improved. Unfortunately, there is little
evidence for more elaborate comparisons among the different
materials discussed above, the electronic and other effects on
the SWNTs being largely the same.
Fluorination
The first report of extensive sidewall functionalization of
SWNTs, fluorination, was made by Margrave et al. in 1998.38
Employing a bucky paper (formed by filtration of an SWNT
suspension over a PTFEmembrane), and temperatures ranging
from 150 uC to 600 uC, the authors were able, in some cases, to
achieve a stoichiometry of up to C2F, using elemental fluorine
as the fluorinating agent (Fig. 6). At temperatures of 400 uC
and higher, most of the SWNT structure was apparently
destroyed. As expected, the successfully fluorinated material
exhibited significant changes in the spectroscopic properties
(UV/Vis/NIR absorption and Raman scattering), providing
evidence for electronic perturbation that was not found in the
earlier oxidized materials, owing to the predominately end-cap
locale of the functionalizations (vide supra). In addition, the
electrical conductivity of the functionalized material differed
dramatically from the pristine SWNTs: a sample of untreated
SWNTs was reported to have a resistance of 10–15 V, while
a fluorinated SWNT sample had a resistance of w 20 MV
(two probe measurement, similar sample size and thickness).
Fluorinated SWNTs were found to be appreciably soluble in
alcoholic solvents, and evidence was shown for exfoliation of
ropes and bundles into individual nanotubes.39 Recent
theoretical investigations of fluorinated SWNTs by Bettinger
et al.40 indicate that while the thermodynamic stability of
fluorinated SWNTs decreases with tube diameter, the mean
bond dissociation energy for the C–F bonds increases as the
diameter decreases. The C–F bonds were also found to be
covalent in nature (1.41 to 1.45 A˚ in length). While not yet
verified experimentally, it was predicted that endohedral
fluorination of (5,5) SWNTs is thermodynamically possible.
Margrave et al. have also shown that the majority of the
covalently bound fluorine could be removed by treatment with
hydrazine (Fig. 6), restoring much of the conductivity and
spectroscopic properties of the pristine material. It was later
shown that fluorine substituents on SWNTs can be displaced
by treatment with strong nucleophiles such as Grignard and
alkyllithium reagents, and metal alkoxides.39,41 These reactions
are thought to proceed via a concerted, allylic displacement
mechanism, as back-side (SN2) attack is not possible, and
the stability of a cationic intermediate (SN1 mechanism) is
questionable. Extension of this displacement capability to
functional group-tolerant reagents will further the utility of
this chemistry. Fluorinated SWNTs have been employed as
cathodes in lithium electrochemical cells, and are expected to
be useful in other applications.42
Aryl diazonium chemistry
After initial efforts in our laboratory to further the chemistry
of oxidatively etched SWNTs produced by laser ablation, we
were quite thrilled to obtain a quantity of HiPco produced
SWNTs22 possessing significantly smaller diameters on aver-
age. The anticipated greater reactivity of these smaller diameter
engendered hopes of successful functionalization with a variety
of chemistries. During the course of our investigations, we
have developed the reactivity of SWNTs with aryl diazonium
compounds.43,44 The reactivity of aryl diazonium salts with
HOPG and other carbon surfaces has been previously
demonstrated.45 We first reported the use of a bucky paper
electrode in an electrochemical reaction, as shown in Fig. 7.43
Using this technique, we prepared a variety of functionalized
SWNT materials. This reaction presumably proceeds via the
aryl radical generated upon one electron reduction of the
diazonium salt. This degree of functionalization is sufficient
to cause a complete loss of structure in the solution-phase
Fig. 6 Depiction of fluorination of SWNTs by Margrave et al.38,39 A
stoichiometry of up to C2F can be achieved. Also shown are reductive
defluorination with hydrazine, and displacement of fluorines with
strong nucleophiles.39,41
Fig. 7 Reaction of SWNTs with aryl diazonium compounds.43,44
Shown are the electrochemical reaction with pre-formed diazonium
salts, and the thermally motivated reaction with in-situ generated
diazonium compounds. Also shown are a number of specific moieties
that have been attached via these methods.
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Subsequent reaction of the Bingel product of SWCNT with an excess of 2-
(methylthio)ethanol and in the presence of 5 nm gold nanocrystals gave a new
product that was microscopically discernable in AFM measurements. Alterna-
tively, the Bingel-SWCNT were transesterificated with lithium or sodium salts
of 1H,1H,2H,2H-perfluorodecan-1-ol. These materials were characterized by
19F NMR and XPS.
Nitrenes, as shown in Figure 16, in form of different (R)-oxycarbonylnitrene
compounds also gives rise to [2þ1] cycloaddition with CNT. The different (R)-
oxycarbonylnitrenes were synthesized in situ starting with the thermal decom-
position of the corresponding (R)-azido-formate precursors. Since the reaction
proceeds mainly with the sidewalls it affords (R)-oxcarbonylaziridino-SWCNT
with increased solubility in organic solvents. This opens the way for purifying
SWCNT from insoluble contaminants.137a,140
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Fig. 21. Scheme of a Bingel-Hirsch reaction on SWCNTs.
opening the door to a new protection-deprotection tool 72. Nitrenes can also undergo [2+1] 
cycloaddition reactions. In this case, the active specie is generated in situ by thermal 
decomposition of the azido precursor.
Ozone, azomethine ylides and nitrile imines undergo 1,3-dipolar cycloaddition to CNTs. In the 
case of ozone, methanolic dispersions of SWCNTs at -78 ºC are treated with ozone to generate 
SWCNTs-ozonides as the primary product 73. In a similar manner, carboxylic, ketone/aldehyde 
or alcohols functionalities, depending on the cleavage method used, can be obtained and 
employed for further functionalization 74.
The cycloaddition of azomethines ylides, the so-called Prato reaction, is one of the most 
versatile and used methodologies to functionalize the whole series of carbon nanostructures 
(fullerene 75, CNTs 76 and graphene 77). The condensation of !-aminoacids with aldehydes 
generate a very reactive ylide specie, that reacts with CNTs. In this manner, it is possible to 
conjugate different appendages bearing a better solubility and a selective tune of their 
properties. By heating at 300 ºC in the presence of air it is possible to recuperate pristine 
nanotubes, demonstrating in this way the high-stability of the functionalized derivatives.
[4+2] cyloaddition or Diels-Alder reaction has been less used due to the low stability of the final 
products. The first Diels-Alder reaction to CNTs was done by adding o-quinodimethane to an 
ester functionalized SWCNT assisted by MW irradiation 78.
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absorption spectra, as shown in Fig. 1. Changes are observed in
the Raman spectra as well, most notably a significant increase
in the relative intensity of the disorder mode at ca. 1290 cm21
(Fig. 2). These changes are reminiscent of the effect of
fluorination (vide supra), and are consistent with sidewall as
well as endcap functionalization. Based on thermal gravimetric
and elemental analysis, we were able to achieve functionaliza-
tion of 1 in 40 up to 1 in 20 nanotube carbons, using aryl
diazonium salts bearing a variety of substituents. Some of the
materials we prepared did not exhibit dramatic changes in
solubility, and AFM analysis did not indicate significant
exfoliation of SWNT ropes. The most logical explanation for
the insignificant exfoliation draws on the fact that the SWNTs
obviously exist as large ropes in the bucky-paper form
employed for the reaction, and the conditions might not
allow significant intercalation in these structures. Further
investigation of the distribution of moieties, perhaps by STM,
is required. We later described a similar reaction utilizing in-situ
generation of the diazonium from the aniline precursor
(Fig. 7).44 This technique was found to be similar to the
electrochemical method in its effectiveness, and avoids the
necessity of isolating and storing diazonium salts that could be
unstable. This method is also more traditional in nature, and
offers the prospect of facile scale-up. We have in fact performed
this type of reaction on a gram (SWNTs) scale.
Carbenes, nitrenes, and radicals
Haddon et al. have reported functionalization of SWNTs
with dichlorocarbene, first generated from chloroform in the
traditional manner with potassium hydroxide (Fig. 8A),21 and
later from phenyl(bromodichloromethyl)mercury.30 Such
carbenes are well known electrophilic reagents that can add
to carbon–carbon double bonds. However, the degree of
functionalization in these cases was low. Hirsch et al. have
recently reported functionalization of SWNTs with the
nucleophilic carbene shown in Fig. 8B, generated by deproto-
nation of the stable imidizolinium cation.10 One negative
charge per attached moiety is transferred to the nanotube by
this reaction. Similarly, functionalization by nitrenes generated
by thermolysis of alkyl azidoformates was reported (Fig. 8C).
Evidence for these functionalizations was obtained from AFM
and 1H and 19F NMR, in addition to solubility changes. Again,
the degree of functionalization in these reactions was not
sufficient to significantly affect the absorption spectra of the
resulting materials relative to pristine SWNTs. Further
investigation is needed to quantify the degree of functionaliza-
tion, and to determine the distribution of moieties. Consistent
with the observations of other groups, the authors also noted
an apparent grea er reactivity of smaller diamete ar -discharge
SWNTs versus larger diameter laser ablation material.
Functionalization of SWNTs utilizing radical sources other
than aryl di zoniums has also been reported, including
benzophenone21 and perfluoroalkyl iodides (Fig. 8D).10
Azomethine ylides
Prato et al. have very recently discover d a method f
functionalizing SWNTs utilizing 1,3-dipolar addition of
azomethine ylides (Fig. 9).46 This type of chemistry was
originally developed for, and has seen wide-spread use in,
C60 modific tion.
47,48 Thus, treatment of SWNTs suspended
in DMF with an aldehyde and an N-substituted glycine
derivative, at 130 uC, resulted in the formation of substituted
pyrrolidine moieties on t e SWNT surface. The technique was
reported to be successful with both native and oxidatively
etched SWNTs, and with SWNTs prepared by several different
methods (and hence of different diameter distributions). In the
case of pyrene containing moiet es (Fig 9(d)), the degree of
Fig. 8 Schematic depiction of a number of SWNT functionalization
techniques. A: dichlorocarbene generated by base treatment of
chloroform;21 B: a nucleophilic carbene functionalization;10 C:
functionalization with nitrenes generated by thermolysis of an alkyl
azidoformate;10 D: reaction with radicals photolytically generated from
a perfluoroalkyl iodide.10
Fig. 9 Functionalization of SWNTs by the 1,3-dipolar addition of
azomethine ylides.45 Originally developed for C60 modification, this
technique also offers the benefit of generality in chemical modification
of SWNTs.
1956 J. Mater. Chem., 2002, 12, 1952–1958
Fig. 22. Functionalization of SWCNTs by the 1,3-dipolar 
addition of azomethine ylides 68b.
Radical addition
Generation of radicals permits the functionalization of CNTs by conjugation of the very reactive 
specie to the double bonds of the side-wall part of CNTs. Alkyl radicals were generated by 
photolysis of heptadecafluorooctyl iodide that quickly alkylate nanotubes. The thermolysis of 
benzoyl peroxides leads free phenyl radicals that can attack alkyl iodides to produce alkyl 
radicals.  Other non-chemical approaches to generate suitable radicals have been reported by 
using electrochemical and thermal techniques. Aryl groups can be appended using diazonium 
salts in the so-called Tour reaction, initially achieved by electrochemical reduction of substituted 
aryl diazonium salt (Fig. 23).
Later on, a similar reaction was reported by using water-soluble diazonium salts, reacting 
selectively with metallic CNTs 79,80.
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chains have also been attached to oxidized SWNTs.35,36 Sun
et al. covalently attached a poly(propionylethylenimine-co-
ethylenimine) polymer by both amidation of the acyl chloride
form of oxidized SWNTs and by carbodiimide coupling. These
polymer bound SWNTs were soluble in organic solvents,
enabling investigation of the fluorescence properties. Finally,
a theoretical study by Basiuk et al. found that a significant
energetic difference between amidation of carboxylic groups in
armchair and zigzag SWNTs exists.37 Experimental verification
of this prediction might enable selective solubilization, and
hence separation, of different SWNT types.
It has been pointed out that the types of modifications
discussed in the above paragraphs, being primarily restricted
to nanotube ends, are too localized to appreciably change the
bulk properties of the material. Attesting to this fact, these
functionalizations do not significantly affect the spectroscopic
properties of the SWNTs, as is seen in more extensive sidewall
functionalizations (vide infra). For some applications, however,
this type of localized chemistry may be desirable, as the full
electronic capabilities of the SWNTs remain intact. Despite the
localized nature of this chemistry, the solubility of the resulting
SWNTs is generally improved. Unfortunately, there is little
evidence for more elaborate comparisons among the different
materials discussed above, the electronic and other effects on
the SWNTs being largely the same.
Fluorination
The first report of extensive sidewall functionalization of
SWNTs, fluorination, was made by Margrave et al. in 1998.38
Employing a bucky paper (formed by filtration of an SWNT
suspension over a PTFEmembrane), and temperatures ranging
from 150 uC to 600 uC, the authors were able, in some cases, to
achieve a stoichiometry of up to C2F, using elemental fluorine
as the fluorinating agent (Fig. 6). At temperatures of 400 uC
and higher, most of the SWNT structure was apparently
destroyed. As expected, the successfully fluorinated material
exhibited significant changes in the spectroscopic properties
(UV/Vis/NIR absorption and Raman scattering), providing
evidence for electronic perturbation that was not found in the
earlier oxidized materials, owing to the predominately end-cap
locale of the functionalizations (vide supra). In addition, the
electrical conductivity of the functionalized material differed
dramatically from the pristine SWNTs: a sample of untreated
SWNTs was reported to have a resistance of 10–15 V, while
a fluorinated SWNT sample had a resistance of w 20 MV
(two probe measurement, similar sample size and thickness).
Fluorinated SWNTs were found to be appreciably soluble in
alcoholic solvents, and evidence was shown for exfoliation of
ropes and bundles into individual nanotubes.39 Recent
theoretical investigations of fluorinated SWNTs by Bettinger
et al.40 indicate that while the thermodynamic stability of
fluorinated SWNTs decreases with tube diameter, the mean
bond dissociation energy for the C–F bonds increases as the
diameter decreases. The C–F bonds were also found to be
covalent in nature (1.41 to 1.45 A˚ in length). While not yet
verified experimentally, it was predicted that endohedral
fluorination of (5,5) SWNTs is thermodynamically possible.
Margrave et al. have also shown that the majority of the
covalently bound fluorine could be removed by treatment with
hydrazine (Fig. 6), restoring much of the conductivity and
spectroscopic properties of the pristine material. It was later
shown that fluorine substituents on SWNTs can be displaced
by treatment with strong nucleophiles such as Grignard and
alkyllithium reagents, and metal alkoxides.39,41 These reactions
are thought to proceed via a concerted, allylic displacement
mechanism, as back-side (SN2) attack is not possible, and
the stability of a cationic intermediate (SN1 mechanism) is
questionable. Extension of this displacement capability to
functional group-tolerant reagents will further the utility of
this chemistry. Fluorinated SWNTs have been employed as
cathodes in lithium electrochemical cells, and are expected to
be useful in other applications.42
Aryl diazonium chemistry
After initial efforts in our laboratory to further the chemistry
of oxidatively etched SWNTs produced by laser ablation, we
were quite thrilled to obtain a quantity of HiPco produced
SWNTs22 possessing significantly smaller diameters on aver-
age. The anticipated greater reactivity of these smaller diameter
engendered hopes of successful functionalization with a variety
of chemistries. During the course of our investigations, we
have developed the reactivity of SWNTs with aryl diazonium
compounds.43,44 The reactivity of aryl diazonium salts with
HOPG and other carbon surfaces has been previously
demonstrated.45 We first reported the use of a bucky paper
electrode in an electrochemical reaction, as shown in Fig. 7.43
Using this technique, we prepared a variety of functionalized
SWNT materials. This reaction presumably proceeds via the
aryl radical generated upon one electron reduction of the
diazonium salt. This degree of functionalization is sufficient
to cause a complete loss of structure in the solution-phase
Fig. 6 Depiction of fluorination of SWNTs by Margrave et al.38,39 A
stoichiometry of up to C2F can be achieved. Also shown are reductive
defluorination with hydrazine, and displacement of fluorines with
strong nucleophiles.39,41
Fig. 7 Reaction of SWNTs with aryl diazonium compounds.43,44
Shown are the electrochemical reaction with pre-formed diazonium
salts, and the thermally motivated reaction with in-situ generated
diazonium compounds. Also shown are a number of specific moieties
that have been attached via these methods.
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Fig. 23. Reaction of SWCNTs with aryl diazonium 
compounds. Also shown are a number of specific moieties 
that have been attached via these methods 68b.
Non-covalent methods
Non-covalent functionalization involves the indirect functionalization of CNTs mainly with 
surfactants,  oligomers, biomolecules, and polymers. In this way, it is possible to obtain more 
processable CNTs without altering the intrinsic electronic properties of pristine nanotubes and 
adding additional functionalities by means of  hydrophobic and p-p interactions. 
The large number of molecules used to non-covalently functionalize nanotubes can be classified 
into three different groups (i) small-aromatic molecules (ii) biomacro-molecules and (iii) 
polymers 81.
Pyrene, porphyrin, fluorescein and their derivatives do interact with the sidewalls of carbon 
nanotubes by means of p-p stacking. 
One of the first examples was reported by Dai et al, in which N-succinimidyl-1-pyrenebutanoate 
molecules were anchored on the surfaces of SWCNTs in order to immobilize a wide range of 
biomolecules 82 (Fig. 24).
In addition Guldi and Prato demonstrate how the non covalent association of SWCNTs with 
pyrene and porphyrin derivatives leads to a novel family of electron donor-acceptor 
nanohybrids, generating after photoexcitation fast electron transfer and a microsecond-lived 
charge-separated species 83.
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Noncovalent Sidewall Functionalization of
Single-Walled Carbon Nanotubes for Protein
Immobilization
Robert J. Chen, Yuegang Zhang, Dunwei Wang, and
Hongjie Dai*
Department of Chemistry, Stanford UniVersity
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ReceiVed January 22, 2001
Single-walled carbon nanotubes (SWNTs) are molecular wires
that exhibit interesting structural, mechanical, electrical, and
electromechanical properties.1-3 A SWNT is unique among solid-
state materials in that every atom is on the surface. Surface chem-
istry could therefore be critical to the physical properties of
SWNTs and their applications.3-10 SWNT sidewall functional-
ization is important to soluble nanotubes,4-6 self-assembly on sur-
faces, and chemical sensors.8-10 For these purposes, it is impera-
tive to functionalize the sidewalls of SWNTs in noncovalent ways
to preserve the sp2 nanotube structure and thus their electronic
characteristics.
Immobilization of biomolecules on carbon nanotubes has been
pursued in the past, motivated by the prospects of using nanotubes
as new types of biosensor materials.11-15 The electronic properties
of nanotubes coupled with the specific recognition properties of
the immobilized biosystems would indeed make for an ideal
miniaturized sensor. A prerequisite for research in this area is
the development of chemical methods to immobilize biological
molecules onto carbon nanotubes in a reliable manner. Thus far,
only limited work has been carried out with multiwalled car-
bon nanotubes (MWNTs).11-15 Metallothionein proteins were
trapped inside and placed onto the outer surfaces of open-ended
MWNTs.11-14 Streptavidin was found to adsorb on MWNTs pre-
sumably via hydrophobic interactions between the nanotubes and
hydrophobic domains of the proteins.15 DNA molecules adsorbed
on MWNTs via nonspecific interactions were also observed.12-14
In this communication, we report a simple and general approach
to noncovalent functionalization of the sidewalls of single-walled
carbon nanotubes, and subsequent immobilization of various bio-
logical molecules onto nanotubes with a high degree of control
and specificity. The noncovalent functionalization involves a
bifunctional molecule, 1-pyrenebutanoic acid, succinimidyl ester
(1) (Molecular Probes, Inc., USA), irreversibly adsorbed onto the
inherently hydrophobic surfaces of SWNTs in an organic solvent
dimethylformamide (DMF) or methanol. The pyrenyl group, being
highly aromatic in nature, is known to interact strongly with the
basal plane of graphite via pi-stacki g,16,17 and a so f und here to
strongly interact with the sidewalls of SWNTs in a similar manner,
thus providing a fixation point for 1 on the nanotubes. The anch-
ored molecules of 1 on SWNTs are highly stable against desorp-
tion in aqueous solutions. This leads to the functionalization of
SWNTs with succinimidyl ester groups that are highly reactive
to nucleophilic substitution by primary and secondary amines that
exist in abundance on the surface of most proteins (Scheme 1).
The mechanism of protein immobilization on nanotubes, then,
involves the nucleophilic substitution of N-hydroxysuccinimide
by an amine group on the protein, resulting in the formation of
an amide bond. This technique enables the immobilization of a
wide range of biomolecules on the sidewalls of SWNTs with high
specificity and efficiency, as demonstrated here with ferritin, strep-
tavidin, and biotinyl-3,6-dioxaoctanediamine (biotin-PEO-amine).
Our samples contained suspended SWNTs synthesized directly
on meshed gold grids in a manner described previously.18 In brief,
gold grids for transmission electron microscopy (TEM) were
dipped in a liquid catalyst comprised of a triblock copolymer
P-123, AlCl3, FeCl3, and MoO2Cl2 dissolved in ethanol and sec-
butanol.19 The catalyst-coated grids were calcined at 500 °C for
18 h, followed by chemical vapor deposition of methane at 900
°C for 10 min. This led to the synthesis of abundant individual
and bundled SWNTs suspended over the holes of the gold grids.
A TEM image of a typical SWNT is shown in Scheme 1.
For noncovalent functionalization of suspended SWNTs, a grid
sample was incubated in a 1-pyrenebutanoic acid, succinimidyl
ester solution (6 mM of 1 in DMF or 1 mM in methanol) for 1
h at room temperature, after which the sample was rinsed three
* Address correspondence to this author.
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Scheme 1. 1-Pyrenebutanoic Acid, Succinimidyl Ester 1
Irreversibly Adsorbing onto the Sidewall of a SWNT via
pi-Stackinga
a Amine groups on a protein react with the anchored succinimidyl ester
to form amide bonds for protein immobilization. Lower panel: A TEM
image of an as-grown SWNT on a gold TEM grid.
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Fig. 24. 1-pyrenebutanoic acid, succinimidyl ester irreversibly 
adsorbed onto the sidewall of a SWNT via  p-p stacking. Amine 
groups on a protein react with the anchored succinimidyl ester to 
form amide bonds for protein immobilization 82.
Biomacromolecules can be associated supramolecularly to SWCNTs in both aqueous and 
organic solutions. Thus, simple saccharides and polysaccharides, proteins, enzymes and DNA 
has been successfully wrapped to CNTs 84,85,86.  In this manner, a remarkable increase of the 
water-solubility can be observed for nanotubes, due to the formation of wrapped complexes in 
which nanotubes are embedded. Moreover,  many applications are reported where the 
interaction of CNT with DNA strands of specific sequence made possible the separation 
between metallic and semiconducting tubes, and also a diameter dependent separation via ion-
exchange chromatography 87.
Concerning to polymers, conjugated polymers can be efficiently used to wrap SWCNTs 88,89,90. 
Normally, the polymers contains aromatic repetition units allowing a correct interaction by 
means of p-p stacking like poly(m-phenylvinylene) PmPV.
2.1.4 Characterization techniques for CNTs
Most of the common characterization techniques used in organic chemistry like 1H-NMR, 13C-
NMR, ES-MS, UV-Vis and IR give, in most of the cases,  incomplete information since no details 
about structure, morphology, purity and chemical modification of CNT can be extracted. The 
large number of production methods of carbon nanotubes gives place to products with different 
diameter and length distribution, chirality, purity, catalyst residues and intrinsic defects. 
Concerning to purification and functionalization methods, a  consequent modification on 
nanotubes is provoked: opening the ends, reducing the length and introduced defects and 
functional groups on the side walls. A good number of techniques have been successfully 
employed in order to extract information  of the different changes that purification and 
functionalization methods provoke.
Optical-based characterization methods
Optical properties of carbon nanotubes have been successfully used in order to characterize in a 
non-destructive way relatively large amounts of carbon nanotubes.  Thus, mainly absorption, 
photoluminescence and Raman Spectroscopy are among the most powerful optical techniques 
employed. In addition, it is possible to measure nanotube “quality” in terms of amorphous 
carbon content, structure (chirality) of the produced nanotubes and structural defects.
UV-Vis-NIR spectroscopy 
Carbon nanotubes can be considered as monodimensional objects since  they have a high ratio 
Chapter 2
49
between length and diameter. Electronic transitions within their density of states (DOS) (Fig. 25) 
determine optical properties of carbon nanotubes. 
In a typical three-dimensional material continuous DOS can be observed but in the case of 
carbon nanotubes , they typically present a non-continuous function of energy characterized by 
the presence of spikes. This sharp peaks that can be found in one-dimensional material 
electronic spectra are usually called Van Hove singularities  determining some of the most 
remarkable optical properties of carbon nanotubes: (i) energies between Van Hove singularities 
depend on nanotube structures (ii) optical transitions are quite sharp and strong  permitting to 
selectively excite nanotubes and detect  signals from individual nanotubes.
Therefore, semiconducting nanotubes originate electronic transitions with bands in the range of 
800-1400 nm while metallic nanotubes present bands at 500 nm 91.
Concerning to covalent functionalized nanotubes, where “defects” are introduced into the 
aromatic network, a typical UV-Vis spectrum shows a significant loss of the Van Hove 
singularities structure since a remarkable reduction of the electrical properties of CNT is 
provoked. In addition, interesting information about the dispersion of the nanotubes samples 
can be obtained by means of these analysis.
Raman spectroscopy
  
Raman spectroscopy can be considered among the most powerful tools for carbon nanotubes 
characterization since it provides information about very important aspects like tube 
configuration, diameter, number of walls, grade of functionalization and the presence or 
absence of amorphous carbon 92.
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Fig. 25. Density of states diagram.
When a beam of light traverses a dust free transparent sample of a chemical compound, 
generally passes trough it unmodified or it is absorbed by the sample. A small fraction of the 
light emerges in directions other than that of the incoming beam. Most of this scattered light is 
of unchanged frequency (elastic scattering, Rayleigh effect). However a small part of it 
(approximately 1 in 10 million photons) has a different frequency, usually lower, then the 
frequency of the incident light (unelastic scattering).  Its presence is the result of the Raman 
effect. The energy difference between the incident photons and the scattered photons 
corresponds to  the energy gap between the vibrational energetic levels of the molecular species. 
On the other hand, the analysis of the shift of spectral lines can give information on chemical 
composition, molecular structure and intermolecular forces of the sample.
Concerning to allotropic forms of carbon, all of them are active in Raman spectroscopy: 
graphite, graphene, amorphous carbon, carbon nanotubes and fullerenes.  Thus,  different 
position, width and relative intensity of bands are modified according to the carbon forms. 
Carbon nanotubes Raman spectra possess the typical pattern of the graphite modes (Fig. 26): 
the G-band (G-graphite), between 1530 and 1590 cm-1, the D-band (D-disorder) at 1350 cm-1 and 
less intense than the G band and the G’ band, which appears between 2500 and 2900 cm-1. 
D band identifies both structural defects on the nanotube walls and carbon impurities. 
Therefore, if sp3 hybridized carbon atoms are present due to the formation of a covalent bond, 
the D band increases in intensity.
In addition, carbon nanotubes present a unique, prominent mode, called the radial breathing 
mode (RBM) situated from 160 to 300 cm-1 which is due to the isotropic radial expansion of the 
tube.
Fig. 26. Raman spectra of SWCNTs.
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Microscopy techniques
Microscopy techniques permit a continuous imaging on the structure changes of carbon 
nanotubes during the different processes to which nanotubes are routinely subjected: 
purification, oxidation and functionalization, among others 92. A complete characterization is 
given by means of these techniques, especially on the purity and dispersability of the nanotube 
sample as well as the presence of amorphous carbon and metallic impurities.
AFM microscopy
AFM permits an accurate three-dimensional reconstruction of the sample topography with 
atomic resolution of a large number of sample of different nature obtaining precious 
information on the nanometric geometry, its homogeneity and dispersability and purity of the 
sample 93.
TEM microscopy
Transmission electron microscopy (TEM) is based on the interaction between a highly focused 
monoenergetic beam of electrons in vacuum through an ultra-thin space and the sample. In this 
way, an image is transmitted that can be magnified and focused on to an imaging device, such 
as a fluorescent screen, a photographic film or be detected by a sensor. 
A clear advantage is obtained by obtained electrons as the “light source” since a resolution of 
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Atomic force microscopy permits the 
scanning of a surface sample by using a 
cantilever with a sharp tip (Fig. 27).  When 
the tip scans close to the sample surfaces, 
forces between the tip and the sample lead to 
a deflection of the cantilever according to 
Hooke’s law. These deflection interactions, 
including mechanical contact, Van der Waal, 
capillary, chemical bonding, electrostatic, 
magnetic and solvatation forces are 
measured by using a laser spot that is 
conveniently reflected from the top surface 
of the cantilever into an array of 
photodiodes.Fig. 27. Picture of AFM tip details.
thousand times higher than that obtained with a light microscope. In this manner, details as 
small as the atomic structure of the material is revealed. A great structural characterization of 
carbon nanotubes can be obtained by using this technique: diameter,  purity grade, presence of 
defects, dispersibility and in some case functionalization. 
Typically, nanotubes are deposited on commercial TEM grids where a high density of nanotubes 
is mandatory to obtain good-quality images.
SEM microscopy
Scanning electron microscopy (SEM) is a type of electron microscopy in which sample surface is 
imaged thanks to the scanning with a high-energy beam of electrons in a raster scan pattern. 
Thermogravimetric Analysis
Thermogravimetric analysis can determine changes in weight in relation to variations in 
temperature obtaining in this manner a curve where very precious data can be extracted. 
Indeed, it has been widely used in chemistry to obtain degradation temperatures, absorbed 
moisture content of metals, level of inorganic and organic components in materials, 
decomposition points and solvent residues. Generally, the instrument is composed by an 
analyzer with a high-precision  balance  with a pan of commonly platinum where the samples 
are placed. In a second staged, the sample is directed to an electrical oven with a thermocouple 
in order to measure the temperature with high-precision. An inert gas is normally used to purge 
the atmosphere in order to prevent parallel undesired reaction as oxidation or decomposition.
Once the sample is conveniently placed, the temperature is gradually increased and a weight 
against temperature plot can be obtained. Temperatures as high as 1000 ºC are normally used in 
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In this manner signals are produced as a consequence of 
the interaction between the beam and the atoms, 
obtaining interesting information about the sample’s 
topography, composition and electrical conductivity. By 
this technique, high-resolution images can be obtained of 
a sample surface, revealing details about less than 1 to 5 
nm in a peculiar three dimensional image where 
morphology information is contained. In this context, 
SEM microscopy has been revealed as a powerful 
method when used with CNTs, since important 
information about their dimension in diameter and 
length and their orientation can be obtained.
Fig. 28. SEM micrograph of purified 
nanotube paper.
these assays giving place to the degradation of the material in contrast to methods previously 
described.
When the carbon material is analyzed in the presence of oxygen, it is possible to determinate the 
amount of metal catalyst in SWNT samples since the residual weight can be correlated to the 
metal traces present in the sample.
In addition, TGA has been successfully used to determine the grade of functionalization in 
nanotubes. When a functionalized nanotubes sample is heated in a non-oxygen atmosphere, the 
combustion of the organic functional groups is observed while the carbon structure is 
maintained. The weight loss corresponds to the percentage of organic material covalently 
bound to CNTs. 
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2.2 Luminescence
Luminescence is the emission of light by a substance. It occurs when an electron returns to the 
electronic ground state from an excited state and loses it is excess energy as a photon.
Many types of luminescence have been identified and are differentiated one to the other by the 
energetic source initiating the production of light. 
Most important luminescence processes in chemistry is chemiluminescence (CL), where the 
electronic excited state is generated by the mixing of necessary reagents, and 
electrochemiluminescence (ECL),  which in contrast is initiated and controlled by changing an 
electrode potential. 
ECL is a form of CL, in which both ECL and CL involve the production of light by species that 
can undergo highly energetic electron-transfer reactions 94. 
Every excited state is characterized by high instability, whatever is the process whereby it has 
been populated by electrons. 
Electrons decay processes are radiative, if they involve emission of light, and non radiative, 
when energy is essentially dissipated through collisions between molecules, by interactions 
with molecules presenting unpaired electrons (as in the case of oxygen which often gives the 
phenomenon of phosphorescence quenching) or by mechanisms as internal conversion (between 
states with same multiplicity) and intersystem crossing (between states with different 
multiplicity).
Depending on the nature of the excited state, radiative processes are divided in fluorescence 
and phosphorescence.
Fluorescence and Phosphorescence
When the excited state is a singlet,  the electron is characterized by opposite spin with respect to 
the electron in the fundamental state. 
As a consequence, the decay to the ground state is spin-allowed and could quickly occur 
through the emission of a photon,  giving fluorescence. Life time of a fluorophore is the medium 
time between its excitation and its return to the fundamental state and it is calculated to be in 
the order of ns in the fluorescence process.
Otherwise phosphorescence is the emission of light from the triplet state, meaning that the 
excited electron shows the same spin orientation of the electrons in the fundamental state. The 
transition is forbidden by the selection rules, therefore emission speed is 105 times lower than in 
fluorescence.
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Fig. 29. Jablo!ski diagram.
In the Jablo!ski diagram reported above, transitions between different energetic states are 
represented by vertical lines which correspond to absorption or emission of light.
The absorption of energy in a fluorophore leads to the promotion of an electron to one of the 
excited levels S1 or S2 95. 
At this point the molecule relaxes and reach the lowest vibrational level of the S1 state. This 
process, which happens in almost 10-13 seconds, is called internal conversion (IC) and ceases 
before fluorescence emission starts..
When the molecule is in excited states higher than S1, the internal conversion process to S1 is 
preferable from the kinetic point of view with respect to the emission at high frequencies. At 
high energy levels photochemical emissions are allowed just if they are sufficiently quick to 
compete with non radiative processes like internal conversion and vibrational decay. On the 
contrary, the internal conversion process form S1 to S0 is quite slow, thereby lost of energy by 
light emission becomes more probable.
Since direct transition from the S0 to the T1, during excitation, is approximately 108 less probable 
then the transition between S0 and S1, the population of the triplet state T1 is given by another 
mechanism, called intersystem crossing (ISC), which happens when molecules in the S1 state 
invert their spin and reach the T2 triplet state. In general, this process is allowed because the 
energy gap between the highest levels of the T1 state and the lowest level of  the S1 state is quite 
low. 
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At this point molecule loses its excess in vibrational energy through IC to the T1 triplet state and 
from T1 to S0 emitting phosphorescence.
The analysis of the Jablo!ski diagram shows that the emission energy is lower than the 
absorbed energy, therefore fluorescence and phosphorescence occur at low energy values, 
correspondent to high wavelengths 99.  This phenomenon is also known as Stoke’s shift, since it 
was observed for the first time by G.G. Stokes in 1852 in the University of Cambridge 100. 
Since Stoke’s shift is due to non radiative mechanisms, which essentially consist in collisions 
between molecules, it is possible to increase or reduce the energy gap between absorption and 
emission wavelength by  playing with the temperature or the choice of the solvents.
Fluorescence life time and quantum yield
Fluorescent compounds, also called fluorophores, are evaluated by two parameters: the 
quantum yield (!) and the life time (").
! measures the ratio between emitted and absorbed photons. The higher is the quantum yield, 
the higher is the emission intensity.
Quantum yield is defined by the following equation, where two constant appears: ",  the 
emission speed of the fluorophore, and Knr, the decay speed assignable to non radiative events, 
during the return to the fundamental state from S1 and S0 (Fig. 29):
! = # / (# + Knr) 
" is the percentage of radiative decay of the fluorophore, and it corresponds to its total 
emission, while Knr (speed constant of non radiative processes) is the decay percentage 
provoked by non radiative processes. 
Speed constant Knr corresponds to the addition of all the speed constants of the processes which 
contribute to de-populate the excited state:
Knr = Kisc + Kp + Kic + Ksd
where Kisc is the speed constant of the intersystem crossing process, Kp is associated to the 
photoisomerization speed, Kic is the internal conversion speed, Ksd is the non radiative process 
velocity constant dependent to the solvent and finally Kic derives from the conformational 
changes which happen during the life time of the excited state.
The numeric value of ! is comprised between 0 and 1 and it is closed to 1 when Knr << ".
Life time of a molecule is defined as the medium time passed by the molecule in the excited 
state before decaying through the radiative mode down to the fundamental state.
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Life time (in the order of 10 ns in fluorescence) is expressed by the equation:
! = 1 / (! + Knr)
Life time changes considering the type of radiative process; in fluorescence, transition between 
states is allowed, therefore ! is in the order of 10 ns, while in phosphorescence the transition 
between states is not probable and life time increases up to 10 !s.
2.2.1 Luminescence in transition metal 
complexes
 
Among all the classes of compounds that exhibit luminescent properties, the group of transition 
metal complexes has gained particular relevance in the last years, especially  when ligands 
present iminic bonds.
Many transition metal complexes (also called MLCs, Metal-Ligand Complexes) present surprising 
skills from the point of view of luminescence, such as long life time of the excited state (from 10 
ns to 10 !s) and good thermal and chemical stability.
The molecular system used in this work belongs to the class of the so called metal complexes d6 
ML6, where M is the metal and L indicates the ligands coordinated to the site.
In order to better understand the properties of this special class of molecules, I will take 
advantage of the ligand field theory, which describes the bonding, orbital arrangement and 
other characteristics of metal complexes. 
  
The ligand field theory
 
In a transition metal complex, where the chemical arrangement of the atom is octahedral, the d 
orbitals are not degenerate in energy. 
The diversity of energy between states where electrons could be found depends on many 
factors correlated to the chemical nature and to the symmetry of the ligands bound to the 
central atom.
In order to understand which is the effect of the ligands to the d orbitals of the metal, we should 
consider their spacial disposition. The 5 d orbitals are split by the crystalline field of the ligands 
in 2 groups, on the base of their orientation: the triply degenerate level t2g and the doubly 
degenerate level eg.
The eg level is made by the dx2-y2 and the dz2 orbitals, which lobes are directed towards the 
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cartesian axes of the octahedral, while the t2g level comprises the dxy, dxz, dyz orbitals, which 
lobes are oriented towards the diagonals of the cartesian axes (Fig. 30). 
The energy difference between the two levels is known as “crystalline field separation” and it is 
indicated with the symbol !0.
If we consider that the metal atom interacts with 6 ligands, where each of them is collocated at 
the 6 vertices of the octahedral, it is clear that the eg orbitals, directly directed towards the 
ligands, will be destabilized with respect to the t2g ones. 
As a consequence of that, eg orbitals possess higher energy than the t2g, reason why the t2g are 
the first to be occupied by electrons.
We have also to consider that electrons in the d4, d5, d6 configuration could arrange both in the 
t2g and in the eg levels, or just in the t2g orbital, depending on the ratio between !0 and P, where 
P is the energy required to match 2 electrons in the same orbital.
Generally, it is possible ti summarize that (Fig. 31):
• When !0 < P, electrons occupy both the eg and the t2g orbitals giving the “high spin 
configuration”;
•when !0 > P, they just pair with electrons in the t2g level in the resulting “low spin 
configuration”.
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Fig. 30. Splitting of d orbitals in the cubic crystal field.
!0 is affected by:
• The oxidation number of the metal: !0 increases with high charges on the ion;
• Chemical nature of the metallic ion: !0 is higher going down through a group (3d < 4d 
< 5d);
• The number and the geometry of the ligands: !0 in a tetrahedron is about the 50% less 
than in octahedron;
• The chemical nature of the ligands: ligands ability to provoke separation of d orbitals 
increases with the following order
I- < Br- < S2-< SCN- < Cl- < NO3- < F- < OH- < C2O42- < H2O < NCS- < CH3CN < Py < NH3 < en 
<bipy < NO2- < PPh3 < CN- < CO
Therefore !0 could be modulated and enhanced by choosing a ligand with high crystalline field.
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Fig. 31. Schematic representation of (a) high spin configuration for 
a d5 metal and (b) low spin configuration for a d6 metal.
Classification of excited states in metal complexes
The diagram reported above (Fig. 32) classifies possible transitions in metal complexes 
according to the nature and to the origin of the orbitals involved. Possible transitions are:
• Metal Centered or MC: transitions between molecular orbitals prevalently localized on 
the metallic centre, as for example d-d transitions. Since d-d transition (or t-e transition) it 
is forbidden by the Laporte selection rules, its intensity is low.
• Ligand Centered or LC: transitions between molecular orbitals localized on the ligands. 
Luminescence is obtained by the decay of an electron on the ligand from the excited state 
to the fundamental state. If an emission in the visible region is desired, the transition 
should involve !-!* orbitals. 
• Charge Transfer or CT: transitions between molecular orbitals of different localization 
which provokes the movement of an electron from the metal to the ligand or vice versa. 
Thereby 2 CT transitions are allowed: ligand to metal charge transfer (LMCT) with a !1-e1 
configuration, and metal to ligand charge transfer (MLCT) with configuration t25-!*1. 
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Fig. 32. Diagram showing the interaction between metal and ligands orbitals.
MLCT transitions
Our interest is focused on the MLCT transitions , where the electron is promoted from the 
metallic centre to the ligand orbitals. This type of transition is common in highly studied 
systems where Ru, Re, Ir are complexed with bipyridinic ligands. The excitation of the complex 
causes a transition, which is representable as follows:
[MII(bpy)3]2+ + h! ! [MIII(bpy)2(bpy).-]2+
This type of transition shows absorption in the visible region and phosphorescence emission 
due to the high spin-orbit coupling, typical for metals with high nuclear charges.
After absorption of energy a process of intersystem crossing occurs with consequent population 
of the 3MLCT state. The IC process takes place very quickly (in the order of 10-1 !s) and with 
high efficiency. Moreover, triplet states of transition metal complexes present short life (100 ns - 
10 !s), resulting competitive with non-radiative decay processes.
MLCT transitions are characterized by large Stoke’s shifts, which enhance the gap between 
excitation and emission energies avoiding self-quenching events.
Modern research looks towards the design of luminescent complexes with high quantum yield 
and specific absorption and emission wavelengths.  Varying the coordination arrangement of the 
metallic centre, it is possible to change the energetic levels of the molecular orbitals involved in 
the complex, improving the emission efficiency. In order to do that,  leading parameters to 
follow are:
• d-d state (3MC) should be more energetic than the 3MLCT state;
• Energy of the 3MLCT state should not be too low, in order to avoid non-radiative 
decays to the fundamental state;
• Spin-orbit coupling should be high to enhance the probability of the phosphorescence 
emission.
As specified before, "0 becomes bigger going down through a group in the periodic table. For 
instance, keeping constant the ligands, Fe(L-L)32+, Ru(L-L)32+, Os(L-L)32+ present increasing d-d 
states, while energies of the MLCT state follows the order Os < Fe < Ru (Fig. 33).
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Fe complexes are not luminescent, while Ru ones are luminescent because the 3MC state is 
localized at higher energies with respect to the the 3MLCT state.
The excited electron of Fe in the 3MC state decays to the fundamental state by a non-radiative 
process.
The Os(L-L) 32+ complex could produce weak luminescence since the closer is the excited state 
energy to the fundamental state energy, the more competitive is non-radiative decay velocity. 
As mentioned before, the arrangement of the energetic levels in a complex could also be varied 
by choosing appropriate ligands. 
Electrogenerated luminescence (ECL) of Ru(bpy)32+
Chapter 2
63
!"#$!"#$%&'"()*+(,%$&''()$#*)++",-).(&,"$!"##*"/(''(&,"$!&0-+)$)##*)''&12(/",+&$!)$
3)1+"$!($/&#"4&#"$-5-)#($)$6-"##"$"/"++",+(7$
8&/3#"''($4&/"$6-"##($'&31)$1(3&1+)+($31"'",+),&%$(,&#+1"%$)#+)$'+)2(#(+9$!&0-+)$)##)$
,)+-1)$4&0)#",+"$!"($#"5)/($"$)##)$4:"#).(&,"7$$
;)$1(4"14)$/&!"1,)$<$0&#+)$)##)$31&5"++).(&,"$!($4&/3#"''($ #-/(,"'4",+($4&,$)#+"$
1"'"$6-),+(4:"$"$4&,$31"4('"$#-,5:".."$!*&,!)$!($)''&12(/",+&$"!$"/(''(&,"$3"1$
1",!"1"$4(=$3&''(2(#"$'($!"0"$+","1"$4&,+&$4:">$
! #&$'+)+&$!?!$@
A
B8C$!"0"$"''"1"$3&1+)+&$)$/)55(&1"$","15()$!"##&$'+)+&$
A
B;8D%$ 4&,$ #*"#(/(,).(&,"$ !"($ !"4)!(/",+($ ,&,$ 1)!()+(0($ "$
!"##*(,'+)2(#(+9$4:(/(4)E$
! #&$ '+)+&$
A
B;8D$ ,&,$ !"0"$ "''"1"$ +1&33&$ 2)''&$ (,$ ","15()$ 3"1$ "0(+)1"$
!"4)!(/",+($,&,$1)!()+(0($!)$6-"'+&$)##&$'+)+&$F&,!)/",+)#"E$
! #*)44&33()/",+&$ '3(,?&12(+)$ !"0"$ "''"1"$ )#+&$ 3"1$ )-/",+)1"$ #)$
31&2)2(#(+9$!"##*"/(''(&,"%$(,$3)1+(4&#)1"$6-"##)$F&'F&1"'4",+"7$
G&1/)#/",+"$)$3)1(+9$!($#"5),+($'($:)$4:"$0)1(),!&$(#$/"+)##&%$(#$0)#&1"$!($!$)-/",+)$
'4",!",!&$ #-,5&$ -,$ 51-33&$ ,"##)$ +)0&#)$ 3"1(&!(4)E$ 3"1$ "'"/3(&$ 3)''),!&$ !)#$
4&/3#"''&$ H"@;?;CA
IJ$
)#$ K-@;?;CA
IJ$
F(,&$ )$ L'@;?;CA
IJ
%$ #&$ '+)+&$ !?!$ ')#"$ (,$ ","15()%$
/",+1"$#"$","15("$!"5#($'+)+($B;8D$'"5-&,&$(#$'"5-",+"$&1!(,">$L'$M$H"$M$K-7$8&/"$<$
1()''-,+&$,"#$'"5-",+"$51)F(4&$@F(57$N7OC>$
$
P-/",+&$!"#$4)/3&$41('+)##(,&
QH";AR
IJ QK-;AR
IJ QL';AR
IJ
AB8
AB;8D
";8
$
-+,.$N7O$S(/(,-.(&,"$!"#$#(0"##&$!?!$)##*(,+"1,&$!($-,$51-33&7$
$
T$4&/3#"''($!"#$F"11&$,&,$3&''"55&,&$31&31("+9$#-/(,"'4",+(%$/",+1"$($4&/3#"''($!"#$
+(3&$ QK-;AR
IJ
$ 3&''&,&$ "''"1"$ #-/(,"'4",+($ )0",!&$ #&$ '+)+&$
A
B8$ )$ ","15("$ '-3"1(&1($
1('3"++&$ )##&$ '+)+&$
A
B;8D7$ G"#$ 4)'&$ !"#$ F"11&%$ #*"#"++1&,"$ "44(+)+&$ 4:"$ '-2('4"$ -,$
$ IO
Fig. 33. Dependance of MLCT state energies to !0.
Fig. 34. Ru(bpy)32+
In this work we have focused our interest on 
electrogenerated luminescence (ECL), which is a redox 
induced luminescence. It involves the production of 
reactive intermediates from stable precursors at the 
surface of an electrode. These intermediates then react 
under a variety of conditions to form excited states that 
emit light 100.
As luminophore we have chosen a 
tris(bipyridine)ruthenium chloride derivative among 
other transition metal complexes because of the optimal 
luminescence efficiency presented and its high solubility 
in most of the organic solvents, protic and aprotic. 
Moreover,  the three bipyridyl ligands are easily 
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functionalizable  with  several  substituents,  providing  high  versatility  to  the  complex.
At present, all commercially available ECL analytical instruments are based on co-reactant ECL 
technology. A co-reactant is a species that,  upon electrochemical oxidation or reduction, 
immediately undergoes chemical decomposition to form a strong reducing or oxidizing 
intermediate that can react with an ECL luminophore to generate excited states 101. Use of co-
reactant is useful especially when oxidized or reduced forms of the luminophore are not stable 
enough for ECL reaction. 
The majority of ECL applications reported so far involve Ru(bpy)32+ as an emitter and  TPrA as a 
co-reactant, because the Ru(bpy)32+/TPrA system exhibits the highest ECL efficiency. 
Co-reactant TPrA belongs to the class of amine related systems and it is a strong reducing agent.
The ECL mechanism of excitation of tris(bipyridine)ruthenium in presence of the co-reactant 
TPrA (tri-n-propylamine) is very complicated and has been investigated by many workers 101,102. 
One of the most renown hypothesis reported in literature is here simplified and presented
TPrA ! TPrA•+ + e-
TPrA•+ ! TPrA• + H+
TPrA• + [Ru(bpy)3]2+ ! [Ru(bpy)3]+ + products
[Ru(bpy)3]+ + TPrA•+ ! [[Ru(bpy)3]2+]* + products
[[Ru(bpy)3]2+]* ! [Ru(bpy)3]2+ + hv (610 nm)
produces the LC peak, while at lower energy appears the 4d-!* transition (Fig. 36). 
As explained before, in ML6 complexes one electron is excited from T2g orbitals of the metal 
(homo) to !* orbitals from the ligand (lumo). 
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In the measuring cell TPrA is oxidized on the 
sensor surface to the correspondent radical 
cation which is partially stabilized by loosing 
a proton. The radical reduces [Ru(bpy)3]2+ to 
the monovalent cation, which reacts with 
TPrA•+ formed during TPrA oxidation (a 
sufficiently stable intermediate), to give the 
ruthenium complex in its excited state.
The energetic decay from the excited state to 
the ground state results in emission of light 
at 610 nm.
Ru(bpy)32+ transitions are also visible from 
the UV absorption spectrum. At high energy 
the transition from !-!* orbitals of the ligand 
TPrA
- H+
Products Ru(bpy)3
2+
Ru(bpy)3
+
Ru(bpy)3
2+*
Ru(bpy)3
+
e-
TPrA•+
TPrA•
Fig. 35. Schematic representation of electrochemically 
induced excitation of Ru(bpy)32+ in presence of TPrA.
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The homo-lumo transition at 452 nm is thus a metal to ligand charge transfer transition. 
The excited electron then undergoes intersystem crossing to the lowest triplet states of 
Ru(bpy)32+ from which emission occurs.
Ru(bpy)32+ derivative employed in this work presented into one bipyridyl ligand a 4, 4’-double 
substitution with a methylic group and a short C4 arm, terminating with an aminic group, 
suitable for reactions towards electrophiles. In addition, with an activated carboxylic acid forms 
stable amide bond under mild conditions.
Fig. 37. Ru(bpy)32+ derivative employed.
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TPrA- TPrA!+ + e"
TPrA!+- TPrA! + H+
TPrA! + [Ru-(bpy)3]2+- [Ru-(bpy)3]+ + products (3)
[Ru-(bpy)3]
+ + TPrA!+- [[Ru-(bpy)3]2+]* + products
[[Ru-(bpy)3]
2+]*- [Ru-(bpy)3]
2+ + hu (610 nm)
(5)
Tuesday, 22 February 2011
250 300 350 400 450 500 550
Fig. 36. a.  Diagram showing the ligand field splitting of the (t2g , eg) 
manifold in the complex and the interaction with the r; p orbitals of 
the ligands. Adapted from Westermark K. et al., 2002 104 b. Uv-Vis 
absorption spectra showing Ru(bpy)32+ transitions.
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2.3 Antibody-antigene recognition
The main function of a the immune system is to protect the organism from pathogens  by 
recognizing and neutralizing them. This surveillance is performed by cells circulating 
throughout the body, called lymphocytes, which synthesize cell-surface receptors or proteins 
that bind specifically to foreign molecules, known as antibodies.  
2.3.1 Antibodies  
Structure
Antibodies are molecules with multiple properties that make them critical components for the 
immune system. These properties include the ability to recognize a wide array of different 
molecules known as antigens and activate the host effector systems.
The basic structure of all antibodies, also known as immunoglubulines (Igs), presents a unit 
consisting of two identical light polypeptide chains and two identical heavy polypeptide chains 
linked together by disulfide bonds. Heavy and light chains are encoded by separate genes and 
are organized
respectively.
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organized into discrete 
globular domains 
separated by short 
peptide segments. The 
amino-terminus end of 
both heavy and light 
chains is the antigen 
binding site and 
consists of one domain 
characterized by 
sequence variability 
(variable region or V) 
in both the heavy and 
the light chains, called 
VH and VL regions 
respectively. The two 
domains that carry the Fig. 38. Schematic structure of an antibody with enlargement on FAB details.
antigene binding sites are known as FAB fragments (Fragment having the Antigene Binding site) 
while the remaining protein domain has a relatively constant structure, called FC (Fragment that 
Crystallizes). 
The region between the FAB and the FC fragments is called the hinge and allows lateral and 
rotational movement of the two antigen binding domains. In other words, this provides 
freedom to the binding domains, in order to interact with a large number of different antigens 
conformations. 
The two heavy-chain polypeptides in the “Y” structure are approximatively 55000 daltons, 
while the light chains weigh 25000 daltons. One light chain associates with the amino-terminal 
region of one heavy chain to form an antigen binding domain. The carboxy-terminal regions of 
the two heavy chains fold together to make the FC domain (Fig. 38, 39) 105.
Immunoglobulines
Antibodies are classified in IgG, IgM, IgA, IgE and IgD, depending on the type of heavy chain 
found in the molecule. The differences in the heavy-chain polypeptides allow these proteins to 
function in different types of immune responses and at particular stages of maturation of the 
immune response. The protein sequences responsible for these differences are found primarily 
in the FC fragment. 
Different classes of antibodies may also vary in the number of units that join to form the 
complete protein complex (IgM antibodies, for example, have five Y-shaped unit).
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Fig. 39. Tertiary structure of an antibody: heavy chains are 
represented in red and blue while light chains are colored in green 
and yellow.
IgA antibodies are found in areas of the body such the nose, breathing passages, digestive tract, 
ears, eyes, and vagina. They protect body surfaces that are exposed to outside foreign 
substances. About 10% to 15% of the antibodies present in the body are IgA antibodies. 
IgG antibodies are found in all body fluids. They are the smallest but most common antibody 
(75% to 80%) of all the antibodies in the body.  IgG are the only type of antibody that can cross 
the placenta in a pregnant woman to help protect the fetus. 
IgM antibodies are the largest antibody. They are found in blood and lymph fluid and are the 
first type of antibody made in response to an infection. They also cause other immune system 
cells to destroy foreign substances and represent about 5% to 10% of all the antibodies in the 
body. IgE antibodies are found in the lungs, skin, and mucous membranes. They cause the body 
to react against foreign substances such as pollen, fungus spores, and animal dander. They may 
occur in allergic reactions to milk, some medicines and some poisons, therefore IgE antibody 
levels are often high in people with allergies. 
Finally,  IgD antibodies are found in small amounts in the tissues that line the belly or chest. 
How they work is not clear.
Monoclonal and polyclonal antibodies
In the animal, antibodies are synthesized primarily by plasma cells, a type of B lymphocyte. 
Since plasma cells cannot be grown in tissue culture, they cannot be used as an in vitro source of 
antibodies. Kohler and Milstein 106 developed a technique that allows the growth of clonal 
populations cells secreting antibodies with a defined specificity. In this technique an antibody 
secreting cell, isolated from an immunized animal, is fused with a myeloma cell, a type of B-cell 
tumor. These hybrid cells or hybridomas can be maintained in vitro and will continue to secrete 
antibodies with a defined specificity. Antibodies that are produced by hybridomas are known as 
monoclonal antibodies. Because all of the antibodies produced descendants of one hybridoma 
cell are identical, monoclonal antibodies are powerful reagents for testing for a presence of a 
desired epitope.
The usefulness of monoclonal antibodies stems from three characteristics: their specificity of 
binding, their homogeneity, and their ability to be produced in unlimited quantities.
Because of their specificity, monoclonal antibodies are excellent as the primary antibody in an 
assay, or for detecting antigens in tissue, and will often give significantly less background 
staining than polyclonal antibodies. Specificity also makes them extremely efficient for binding 
of antigen within a mixture of related molecules, such as the case of affinity purification. 
Moreover homogeneity of monoclonal antibodies is very high. If experimental conditions are 
kept constant, results from monoclonal antibodies will be highly reproducible between 
experiments. 
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Fig. 40. Production of monoclonal antibodies 107.
Unlike monoclonal antibodies, polyclonal antibodies are produced from multiple cell lines. A 
preparation of these antibodies bears some resemblance to the antibody variety found in normal 
serum, which is the fluid component that separates from clotted blood. The resemblance is due 
to the fact that antibodies that are polyclonal recognize different epitopes and have different 
degrees of specificity. 
To produce custom polyclonal antibodies, animals like chickens, mice or rabbits are immunized 
with an antigen and adjuvant preparation. The animal’s immune system is stimulated to 
produce B cells which secrete antibody that is specific for the antigen. 
After a period of time, typically several weeks or even months, the animal’s serum is harvested.
Polyclonal antibodies present some advantages if compared to monoclonal ones: they can help 
amplify signal from target protein with low expression level, as the target protein will bind 
more than one antibody molecule on the multiple eptitopes. They are tolerant of minor changes 
in the antigen and they will identify proteins of high homology to the immunogen protein. 
On the other hand, they are produced with large amounts of non-specific antibodies which can 
sometimes give background signal in some applications.
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2.3.2 Enzyme linked immunosorbent assay 
(ELISA) 
Antibodies could be used as specific analytical reagents to determine the concentration of a 
protein or an antigene of interest.
In the method of the enzyme linked immunosorbent assay an enzyme reacts with a colorless 
substrate to convert it in a colored product. The enzyme is covalently linked to a specific 
antibody which recognizes the target antigene.
When the antigene is present, the antibody-enzyme complex binds to the antigene, the enzyme 
catalyzes the reaction with its substrate and generates the colored product. Therefore 
appearance of color is symptom of the presence of the antigene.
ELISA test is quick and cheap and the sensitivity reached is in the order of the nanogram.
An ELISA can be used to detect either the presence of antigenes or antibodies in a sample, 
depending on how the test is designed. On this purpose we distinguish Sandwich ELISA and 
Indirect ELISA. 
Sandwich ELISA
The sandwich ELISA approach allows both the identification and the quantification of the 
antigene.
As represented in the figure below (Fig. 41), an antibody is attached or absorbed onto the well 
of an ELISA strip and the complementary antigen is added to the well. Unbound antigene is 
rinsed away and possible promoting unspecific interactions between antigene and labeled 
antibody are coated with BSA. 
The secondary antibody bound to the enzyme is added. The sample is again rinsed to remove 
unbound antibody. A complex that includes the antibody bound to the well, the antigene and 
the enzyme conjugated secondary antibody is formed. 
When the enzyme substrate is added, a color change reveals the presence of the antigene. The 
reaction is then stopped with sulfuric acid in order to avoid saturation of the signal. 
Unchanging of color indicates absence of antigene, corresponding to a negative test result. The 
reaction is in direct ratio to the amount of antigene detected.
Intensity of the colored solution generated by the enzyme catalyzed reaction is measured with 
UV and correlated to the correspondent concentration of antigene. Many concentrations of 
antigene are tested in order to build a calibration line that matches each quantity of analyte to a 
specific absorption. 
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Fig. 41. Pictures of an ELISA sandwich.
Indirect ELISA
Indirect ELISA is useful to detect the presence of antibodies in a sample. Principles of this 
technique are the same described for the Sandwich ELISA approach but in this case antigenes 
are fixed on the well of the ELISA strip whereas specific antibodies are added to the plate. The 
secondary enzyme labeled-antibody recognizes the constant region of the antibodies bound to 
the antigenes.  Substrate of the enzyme is added and the colored response is produced and 
detected.
2.3.3 Principles of Surface Plasmon Resonance 
(SPR)
Since its first observation by Wood in 1902 108, 109, the physical phenomenon of Surface Plasmon 
Resonance (SPR) has found its way into practical applications in sensitive detectors, capable of 
detecting sub-monomolecular coverage 110.
The homonymous derived technique has become recently an important means of investigation 
for all the research activities involved in the characterization of molecular interactions like: 
selection and screening of antibodies, binding specificity, drug discovery and even gene 
regulation. 
The principles of testing interactions with SPR are largely similar to the ELISA method, except 
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from some differences that make this technique more advantageous with respect to other 
antibody-based assays. The major difference concerns the real-time, label-free aspects of the 
measurement: an SPR-based assay continuously monitors each binding step,  in contrast with 
many other techniques that only measure the end-point level. Furthermore, assay procedures 
for ELISA involve a high number of washings steps, where analyte can be lost, and the 
employment of secondary reagents, whereas SPR-based instruments detect the analyte directly 
and require no additional reagents to measure the amount of antibody-antigene complex 
formed.Because of all these aspects interactions between antibodies and toxin have been tested 
even by SPR-based assays.
SPR based instruments use an optical method to measure the refractive index on a surface, 
which describes how much the propagation speed of an electromagnetic radiation is reduced, 
when it passes through a material.
Surface plasmons are electron oscillations at the interface between any two materials with 
dielectric functions opposite in sign. When polarized light is shone through a prism on a sensor 
chip with a thin metal film on the top,  the light will be reflected by the metal film acting as a 
mirror. Changing the angle of incidence, and monitoring the intensity of the reflected light, the 
intensity of the reflected light passes through a minimum. 
At this angle of incidence, the light will excite surface plasmons, inducing surface plasmon 
resonance and causing a dip in the intensity of the reflected light. Photons of p-polarized light 
can interact with the free electrons of the metal layer, inducing a wave-like oscillation of the free 
electrons and thereby reducing the reflected light intensity. 
The angle at which the maximum loss of the reflected light intensity occurs is called resonance 
angle or SPR angle and it is dependent on the optical characteristics of the system. While the 
refractive index at the prism side is not changing , the refractive index in the immediate vicinity 
of the metal surface will change when accumulated mass is absorbed on it. This happens 
because the refractive index changes with the wave frequency, thereby waves penetrating 
different materials are refracted with different angles (Snell’s law).
Fig. 42. SPR technology.
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Applications of Surface Plasmon Resonance
In SPR based instruments the metal surface forms the floor of a small flow cell (20-60 nL in 
volume), where an aqueous solution (called the running buffer) passes under continuous flow. 
In order to detect an interaction one molecule (the ligand) is immobilized onto the sensor 
surface. Its binding partner (the analyte) is injected in aqueous solution (sample buffer) through 
the flow cell. 
As the analyte binds to the ligand the accumulation of protein on the surface results in an 
increase of the refractive index, which change is measured in real time and it is plotted as 
response or resonance units (RU) against time in a graph (sensorgram). 
A background response is also recorded by injecting the analyte through a reference flow cell 
where no ligand is adsorbed.
With this methodology the analyte and ligand association and dissociation can be observed and 
satisfactory linear relationship can be elaborated. In addition rate constants as well as 
equilibrium constants can be calculated.
Interpretation of a sensorgram
Fig. 43. Representation of an ideal SPR sensorgram.
A typical sensorgram consists of four phases. Each measurement starts with conditioning the 
sensor surface with a suitable buffer solution (baseline). In this phase the surface is 
functionalized with the desired ligand and the baseline is collected. In the second part of the 
curve analytes are injected and they are captured on the surface (association). Even other 
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the analytes (2), they are captured on the surface. Also other components of the
sample might adhere to the sensor surface; without a suitable selection of the
ligand, this adherence will be non-specific, and thus easy to break. At this step,
adsorption kinetics of the analyte molecule can be determined in a real-time
measurement. Next, buffer is injected on to the sensor and the non-specifically
bound components are flushed off (3). As indicated in the figure, the accumulated
mass can be obtained from the SPR response (DR). Also in this step, dissociation
of the analyte starts, enabling the kinetics of the dissociation process to be
studied. Finally, a regeneration solution is injected, which breaks the specific
binding between analyte and ligand (4). If properly anchored to the sensor
surface, the ligands remain on the sensor, whereas the target analytes are
quantitatively removed. It is vital in order to perform multiple tests with the
same sensor chip to use a regeneration solution which leaves the activity of the
ligands intact, as the analysis cycle is required to take place repeatedly for
hundreds, sometimes even thousands of times. Again, buffer is injected to
condition the surface for the next analysis cycle. If the regeneration is incomplete,
remaining accumulated mass causes the baseline level to be increased.
Often SPR measurements are carried out to determine the kinetics of a
binding process. For realistic results it is vital to prevent immobilization from
Step:
Time 
Injection 
∆R
SPR-
dip 
shift  
t1 
2. association1. baseline  3. dissociation 4. regeneration 1. baseline
Figure 1.4 Sensorgram showing the steps of an analysis cycle: 1, buffer is in contact
with the sensor (baseline step); 2, continuous injection of sample solution
(association step); 3, injection of buffer (dissocia ion step); DR indicates
the measured response due to the bound target compound; 4, removal of
bound species from the surface during injection of regeneration solution
(regeneration step) followed by a new analysis cycle. A bulk refractive
index shift can be observed at t1. See also page 222.
5Introduction to Surface Plasmon Resonance
components of the sample solution might adhere to the sensor surface; without a suitable 
selection of the ligand, this adherence will be non-specific, thus easy to break. 
Hence, buffer is injected on to the sensor and the non-specifically bound components are 
flushed o! (dissociation). As indicated in the figure, the accumulated mass can be obtained from 
the SPR response (!R). Finally,  a regeneration solution is injected, which breaks the specific 
binding between analyte and ligand (regeneration). Usually the regeneration solution contains 
low amounts of hydrochloric acid in order to break all the electrostatic interactions between 
ligand and analyte. If properly anchored to the sensor surface,  the ligands remain on the sensor, 
whereas the target analytes are quantitatively removed. Again,  buffer is injected to condition the 
surface for the next analysis cycle. If the regeneration is incomplete, remaining accumulated 
mass causes the baseline level to be increased. 
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Results and discussion

3.1 Chemical strategies adopted
As mentioned in Chapter 1, a biosensor is a device which converts a biological response into a 
quantifiable and processable signal.  To this aim, the biological recognition element of a 
biosensor should be linked to a transducer,  which is an electronic component that converts 
energy of one form to another.
Our detection system could be visualized in a simplified way, where specific antibodies anti-
PLTX linked to the electrochemiluminescent label play the role of the recognition part,  while the 
transduction task is assigned to a photomultiplier that converts the light emitted into an 
electrical pulse, which is subsequently amplified and elaborated.  Another important feature to 
take in consideration is the initiation of the electrochemiluminescent process by the application 
of a specific potential, therefore a proper linking of the immuno sandwich to the electrode is 
required.
My part of work in the realization of the biosensor is focused in the synthesis of the biological 
recognition element and in the set-up of the biosensor assembly, while, in collaboration with the 
group of Prof. Paolucci in Bologna, we have dealt with all the aspects concerning the 
initialization, the collection and the elaboration of the signal produced by the biosensor.
In this section I will describe step by step how all these functional parts have been synthesized 
and arranged together in order to build the electrochemiluminescent device and to optimize its 
response.
3.1.1 Recognition unit synthesis
The recognition unit could be seen as the core of the device, since it first recognizes and binds 
the toxin,  and second it produces the consequent detection signal, which should be sufficiently 
high in order to be caught and translated.  In the light of this, the recognition element  is 
composed by two parts, the “capture” and the “detection” moieties.
Capture moiety
Carbon nanotubes covalently linked to monoclonal antibodies anti-PLTX constitute the capture 
moiety. 
Despite the well known conductive properties, (see Chapter 2, paragraph 2.1.2) the role of 
carbon nanotubes in this contest is to increase the available functionalized area for attachment 
of capture antibodies. As a matter of fact, the high conductance provided by the carbon 
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honeycomb structure, required in many amperometric biosensors where propagation of 
electrons is needed, in this case is not necessary, since the excitation of the luminescent label 
arises from the direct reduction of the co-reactant TPrA, which occurs at the electrode surface.
A competitive pathway involves the generation of electrochemiluminescence by direct 
oxidation of the ruthenium derivative at the ITO electrode, which occurs at 1.14V vs Ag/AgCl 1. 
However,  such mechanism does not contribute to the generation of ECL by the label in our 
biosensor, since the distance between the complex and the nanotubes via Ab is too large (~ 30 
nm) for direct oxidation of [Ru(bpy)32+], as predicted by Marcus theory 2. 
The strategy adopted for derivatizing the nanotubes is the double functionalization, whereby 
different functionalities suitable for anchoring specific moieties are introduced onto the tube 
walls. 
More specifically, our goal was to obtain CNTs carrying a maleimidic terminal group in order to 
specifically link thiols on antibodies, and on the other hand an aminic arm that can react by 
nucleophilic substitution with N-hydroxysuccinimide leaving groups present on polyacrylate 
electrografted on the electrode.
By this way, CNTs are previously functionalized with the antibody and then attached covalently 
on the electrode. 
Fig.1. Picture schematizing double functionalization on MWCNTs.
In order to afford this derivative, we have exploited two covalent approaches: the Prato’s 
reaction and the amidation of carboxylic acids (see Chapter 2, paragraph 2.1.3).
Before entering into chemical details, I want to specify that two series of synthesis of the capture 
moiety have been performed, exploiting the same chemical strategies in each step and yielding 
to two equal final derivatives, which have been characterized by different techniques. 
The first series (Series 1) was realized in collaboration with Dr. Alberto Bianco in Strasbourg, 
while the second one (Series 2) was realized in Trieste. 
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In order to attest the reproducibility of the reactions performed, I will report the 
characterization of both series. However, in this section, I will focus on Series 1, moving to the 
final derivative of Series 2 just to delve into some details of the characterization. 
Initially we have opted for functionalization of double-wall CNTs (DWCNTs), since they were 
supposed to be enough soluble in organic solvents and in water. Also, DWCNTs present higher 
purity than SWCNTs and could be characterized by Raman spectroscopy, while this technique 
does not give significant information about the functionalization of MWCNTs.
However,  we moved to MWCNTs because the quality of the dispersions obtained was really 
better with respect to the previous ones, either concerning homogeneity or stability in time. 
MWCNTs 1
First the nanotubes were oxidized by sonication for 24 hours in a mixture of nitric and sulfuric 
acid, in order to purify, cut and solubilize them.
Carboxylic groups break the sp2 honeycomb lattice of the graphene, introducing sp3 sites,  which 
are more reactive and easily exploited for functionalization. Since they derive from an oxidative 
reaction, they are localized like flags in the weakest points of the carbon network, that 
correspond to the tips and to the defects on the sidewalls. On the other hand, when performed, 
cycloaddition reaction occurs predominantly on the side of the tubes, yielding to an hybrid 
system which acts as anchoring point for molecules and is particularly useful when steric 
hindrance should be avoided.
MWCNTs 2
MWCNTs 1 reacted with paraformaldehyde and the aminoacid reported in 1,3 dipolar 
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cycloaddition, yielding the Boc protected derivative 2. Remotion of the Boc group in 
hydrochloric acid and 1,4-dioxane afforded derivative 3.
MWCNTs 3
Since our purpose is to obtain a terminal maleimidic function, the hydroxysuccinimide ester of 
3-maleimido propionic acid was synthesized and added to MWCNTs 3.
The advantage of this approach is given by the possibility of linking the antibodies, that are 
macromolecules, directly at the end of the chains introduced on the nanotubes,  enhancing by 
this way their availability towards the toxin because of the minimal steric hindrance earned. 
However,  derivative 3 brings primary amine-ending chains, which are suitable for attachment 
of any compound bearing free carboxylic groups, such as antibodies. 
Hence, direct attachment of the immunoglobuline on derivative 3 may be easier, but, on the 
other hand, even carboxylic acids on the side-walls of the tube will react with terminal amine 
groups present on the antibodies. 
Consequences of this will be the lack of free anchor points on the nanotube for subsequent 
functionalizations predisposing the linking to the electrode. Moreover, even assuming that not 
all the available groups on the nanotubes react with the antibodies, the steric hindrance will be 
so high that they will be in any case hidden by the macromolecules.
That is why we have opted for the approach via maleimide, though it requires one more 
reaction step and consequently involves loss of material.
MWCNTs 4
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At this point nanotubes are ready to be linked to the antibody, even if further functionalization 
is needed to provide the attachment to polyacrylate on the electrode.
To this aim, derivative 4 reacted with (2-[2-(2-aminoethoxy)ethoxy]ethyl) carbamic acid tert-
butyl ester (Boc-TEG-NH2) in coupling conditions with EDC/HOAT.
MWCNTs 5
 
Double functionalization of the tubes was completed by removal of the protective group in 
trifluoroacetic acid with dichloromethane, affording derivative 6.
MWCNTs 6
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The two steps missing to complete the realization of the capture moiety are the thiolation of the 
monoclonal antibody anti-PLTX, which is necessary to enable the specific binding to the 
maleimidic terminal groups on the nanotubes, and finally the coupling between the thiolated 
antibody and carbon nanotubes.
MAb 1
Monoclonal antibody anti-PLTX was thiolated adding a molar excess of 2-iminothiolane (Traut’s 
reagent) in moderate basic conditions.
The optimal pH of the buffer, when containing antibodies, should be 7.4, in order to preserve 
their activity and functionality. Antibodies can sustain little pH variations from this value, 
comprised in the range from 6.5 to 7.8. In order to enhance the nucleophilic character of the 
amines, which is chemically important for reacting with Traut’s reagent, the pH of the 
phosphate buffer was increased up to 7.8 by addition of NaOH.
On the contrary, when reaction was complete, the buffer was exchanged again to 6.5 by dialysis, 
avoiding in this manner cyclization of the sulfhydryl chain.
Number of thiols per antibody was calculated on the base of Ellman’s test (see Chapter 4).
MWCNTs 7
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Detection moiety
As explained before, the detection moiety completes the biological recognition unit of the 
biosensor since it recognizes different epitopes of the palytoxin with respect of the monoclonal 
antibodies (see Chapter 2, paragraph 2.3.1) and contemporaneously brings the 
electrochemiluminescent label, necessary to produce the biosensor response.
Our first idea was to adopt carbon nanotubes functionalization even for the realization of the 
detection moiety. We wanted in fact to obtain the same increasing in the surface area that was 
exploited for the attachment of antibodies in the capture moiety, yielding to the derivative 
schematized in Fig. 2.
Chronologically speaking, this was the first step towards the realization of the recognition unit, 
even antecedent to the synthesis of the capture moiety, reason why nanotubes used are DW and 
not MW. As mentioned before, we abandoned DWCNTs because of their poor solubility in 
organic solvents and in water with respect of MWCNTs. 
Fig. 2. Prototype of Detection moiety based on functionalized CNTs.
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DWCNTs 1
We started from oxidized DWCNTs and we performed 1,3-dipolar cylcloaddition. The 
carboxylic groups of derivative 1 were activated with N-ethyl-N!-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDCI) and semi-stabilized with N-
hydroxysuccinimide (NHS).  This intermediate is quite stable in time if kept in anhydrous 
atmosphere, reason why step it was stored under Ar before the subsequent functionalization.
DWCNTs 2
DWCNTs 3
A Ru(bpy)32+ derivative with an aminic arm was chosen in order to react with the activated 
carboxylic groups on the nanotubes.
The reaction was performed in anhydrous conditions  for 24 hours at 45°C.
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Derivative 3 was treated in the mixture HCl/dioxane in order to remove the Boc groups and 
afford free terminal amines,  which increase the solubility of the compound and are available for 
subsequent functionalization steps.
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Before proceeding with further functionalizations, ECL of this intermediate was analyzed in 
order to understand if this synthetic approach was reasonable.
Since the intensity of light emitted was not relevant (see next section “Recognition unit 
characterization”) and, in addition, the employment of carbon nanotubes at this level could 
introduce high complexity to the system, we decided to renounce to this approach, moving to 
the direct functionalization of polyclonal  antibodies with the fluorophore.
Hence, the classic coupling approach between activated carboxylic acids and free amines was 
chosen. 
After several trials changing the coupling reagents, we obtained the best derivative, in terms of 
quantity of fluorophores attached to the antibody, using the classic EDC/NHS combination.
This type of reaction seems to work even if performed in aqueous solution, reason why it is 
widely exploited in biochemistry for amide bond formation between peptides or protein 
conjugates. 
The explanation is that EDC reacts with carboxylic acids forming the amine-reactive o-
acylisourea intermediate,  which is susceptible to hydrolysis and therefore short-living in 
aqueous solution. 
To avoid the regeneration of carboxylic groups, a large molar excess of NHS is added, followed 
by the desired amine for the coupling. Even in aqueous conditions, the o-acylisourea 
intermediate will be predisposed to react with NHS and the amine, since their nucleophilicity is 
higher than water. 
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Fig. 3. a. Formation of the o-acylisourea unstable intermediate by reaction of the carboxylic groups with 
EDC. b. Amidation by direct coupling with the amine, hydrolysis and amidation through NHS.
PAb 1
The Ru(bpy)32+ derivative was successfully coupled with the polyclonal antibody anti-PLTX. 
Even in this case the pH of the buffer was increased up to 7.8 to enhance deprotonation of the 
carboxylic groups on the immunoglobuline.
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3.1.2 Recognition unit characterization
Capture unit
All the carbon nanotubes derivatives synthesized were characterized by standard analytical 
techniques such as Transmission Electron Microscopy (TEM), Thermogravimetric Analysis 
(TGA) and Kaiser Test.
Furthermore, the presence of antibodies attached to the nanotubes allowed the characterization 
of the capture moiety through two techniques that are widely exploited in biochemistry: Surface 
Plasmon Resonance and Enzyme Linked Immunosorbent Assay (ELISA), (see Chapter 2, 
paragraph 2.3.2 and 2.3.3).
First of all I will report the % distribution of MWCNTs pristine and MWCNTs 1, in order to give 
evidence of the oxidative cut that has shortened the tubes (Fig. 4 a).
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The average length of pristine and oxidized carbon nanotubes was calculated to be respectively 
618 nm and 313 nm.
From the images it is also clear that the oxidative cut is necessary in order to increase the 
dispersibility and the purity of the sample.
To attest the functionalization of the tubes I report the TGA termographs for Series 1.
Fig. 5. TGA under N2 showing the loss of weight of Series 1 CNTs after heating up to 1000 °C.
Thermogravimetric analysis gives information on the loss of weight of a sample when heated at 
high temperatures and allows the estimation of the amount of organic functionalities 
introduced per gram of material. 
Curves shown in Fig. 5 give evidence of the increase of weight loss due to the progression in the 
reactions steps and confirm the outcoming functionalization.
For MWCNTs 1 weight loss,  taken at 500 °C, was 8.1%, followed by MWCNTs 4, 5 and 6, 
showing respectively weight loss of 11.7%, 12.8% and 14.1%. The last curve, related to 
MWCNTs 7, decreased quickly down to 28.5% of loss of weight, attesting the presence of the 
antibody which weight corresponds to 150 KDa.
On the base of the molecular weight of the functionalities introduced, it is possible to express 
the gain of weight in mol per gram of carbon nanotubes. By this manner the results given by 
TGA are easily comparable with the data provided by Kaiser Test. Both TGA and Kaiser Test 
from Series 1 are reported in the graph in Fig. 6.
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Fig. 6. Mol of functionalities introduced per gram of nanotubes, calculated by Kaiser Test in pink and by 
TGA in red.
Concerning TGA, from the graph it is clear that the best amount of functionalities introduced is 
for MWCNTs 1, which correspond to the oxidized tubes. Since cycloaddition yield was not high 
(just 80 !mol/g, calculated by Kaiser Test) therefore even following reactions on the terminal 
amines did not introduce much material. Even in the step relative to the amidation of the tips 
(MWCNTs 5), !mol/g reached scarcely the value of 61, which is quite low considering that 
available carboxylic groups on the tubes are 1.8 mmol/g. 
Derivative 7 is not reported in this graph since it is characterized just by 1 !mol of antibodies 
per gram of nanotubes;  however, even if lower than the others, this is not considered as a low 
value in comparison with similar functionalizations found in literature.
Kaiser Test gave evidence of the free amine groups obtained after deprotection reactions.  After 
insertion of maleimide in MWCNTs 4, !mol/g passed from 80 to 33, corresponding to a yield of 
the 59%. Kaiser Test produced more or less the same value (30 !mol/g) after amidation of the 
carboxylic acids, while the removal of the Boc groups increased again the amount of free amines 
up to 50.4 !mol/g.
Concerning MWCNTs 7,  TGA gives us just an approximative indication of the success in the 
coupling between nanotubes and antibodies since the exact mass of the monoclonal antibody 
anti-PLTX is unknown. Furthermore, we cannot assume with certainty that the activity of the 
antibody is preserved after the coupling with nanotubes, since the orientation of the recognition 
sites on the antibodies, and consequently, their availability, could be deeply affected by the 
region of bonding with the nanotubes and moreover by their steric hindrance. 
Hence, in order to check the ability of MWCNTs 7 to recognize the toxin, we exploited the 
technique of Surface Plasmon Resonance. 
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First, we immobilized the monoclonal antibody anti-PLTX on the Biacore chip, while different 
types of palytoxins where employed as analytes,  in order to establish which one manifested the 
best affinity toward the ligand. An additional test was performed inverting the analytes with 
the ligands  (see Chapter 4 for details). 
After these trials, palytoxin solutions showing the best affinity profiles were tested as analytes 
on thiolated monoclonal antibody, (one example is given in Fig. 7), in order to check if its 
activity was compromised after thiolation.
Fig. 7. SPR performed on thiolated monoclonal antibody anti-PLTX using biotinylated PLTX as analyte.
Biotinylated PLTX has showed a Kd of 2.12 x 10-8, demonstrating that the thiolation reaction on 
the antibody reduced the ligand-analyte affinity of almost 10 times. This fact was noticed even 
for the other PLTX solutions tested. Despite that, the antibody-antigene recognition was still 
high.
In conclusion, we opted for the employment of the biotinylated PLTX, since it resulted one of 
the most active among the other types tested with SPR and contemporaneously it produced 
very reproducible results when used in ELISA.
Hence, we performed a further affinity test on MWCNTs 7, which were used as the analyte, 
while biotinylated PLTX was anchored on the surface of the sensor chip acting as the ligand. 
The sensorgram obtained is reported in Fig. 8.
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Fig. 8. SPR performed on biotinylated PLTX using MWCNTs 7 as analyte.
Since the exact concentration of antibodies attached to the nanotubes is unknown, the Kd 
cannot be extrapolated, giving a qualitative significance to the measure. However it is possible 
to assert that there is recognition between ligand and its analyte,  otherwise we would not be 
able to see the mass increment in the association phase, followed by a stable dissociation phase 
in the sensorgram. Furthermore, the dependence between concentration of the analyte and SPR 
response is another element that guarantees for the recognition occurred.
In conclusion it is possible to summarize that Series 1 has produced desired MAb-coupled 
nanotubes (MWCNTs 7), which are characterized by a quite low level of functionalization, 
either considering cycloaddition or amidation. 
However,  the SPR response testified reasonable affinity between antibodies and palytoxin, 
deducible from a qualitative point of view, but sufficient to be optimist in the employment of 
derivative 7 in the assembly of the biosensor on the electrode.
Series 2 was even less significative than Series 1 from the point of view of functionalization of 
CNTs, but it afforded a final derivative that was characterized by a better arrangement of the 
antibodies on the tubes, since ELISA test performed on the sample gave very interesting results. 
This is an evidence of the importance in the correct orientation of the antibodies and in the 
consequent availability of the recognition sites, which surpasses in priority the amount of 
organic functionalities obtained on the carbon walls.
As for Series 1,  I report in Fig. 9 the TGA thermographs for the most salient reaction steps, 
followed by the comparison histogram between Kaiser Test and TGA results in Fig. 10.
For clearness, the numeration of the sample follows the same reaction steps order found in 
Series 1.
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Fig. 9. TGA under N2 showing the loss of weight of Series 2 CNTs after heating up to 1000 °C.
Even in this case, for MWCNTs 1 weight loss at 500 °C was 6.2%, followed by MWCNTs 2, 4 
and 5, showing respectively a weight loss of 9.1%, 9.5% and 11.4%.
Concerning MWCNTs 7, showed in the thermograph in dark in blue, the loss of weight reached 
34%, which corresponds to 1.5 !mol of antibodies per gram of carbon nanotubes.
Fig. 10. Mol of functionalities introduced per gram of nanotubes, calculated by Kaiser Test in light blue 
and by TGA in blue.
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As already established, Series 2 was not either characterized by high degree of functionalization 
of the tubes. Even in this repetition Kaiser Test confirmed a low amount of free amines 
introduced in MWCNTs 3 (65 !mol/g), which decreased of the 50% after addition of the 
maleimide derivative in MWCNTs 4 (33 !mol/g) and grew again again up to 51 !mol/g in 
MWCNTs 6. From Fig. 10 it is clear that the behaviour of CNTs derivatization during the 
progression of reaction steps remained unchanged between Series 1 and 2: the histogram in fact 
shows exactly the same characteristics already found in Fig. 6.,  therefore even the 
considerations gatherable are unaltered. 
Unlike Series 1, MWCNTs 7 were characterized by ELISA assay, in order to check the state of 
health of the antibody. These results are shown in the next paragraph “Characterization of the 
detection moiety”, since the labeled antibody was employed in these experiments.
Detection moiety
I start this section from DWCNTs 4, which characterization comprises the Raman analysis and 
the measure of emitted ECL in solution (Fig.13).
Fig. 11. Raman spectra of pristine, oxidized and cycloaddition modified DWCNTs.
The Raman analysis of the COOH functionalized DWCNTs presented an increased ratio 
between the intensity of the D and G band with respect to the pristine material,  giving a proof 
of the functionalization. The same conclusion is deducible from the violet track related to the 
cycloaddition reaction performed on oxidized DWCNTs (DWCNTs 1).
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DWCNTs ECL emission was measured in DMF solution and reported in Fig. 12, where it is also 
compared to that of oxidized DWCNTs. 
The excitation wavelength was chosen in correspondence of maximum of ruthenium complex 
absorption in the visible (MLCT), as reported in literature (! exc = 450 nm). 
The emission spectra showed a maximum at 620 nm, that is not observed for the oxidized 
DWCNTs track,  evidencing the successful functionalization of carbon nanotubes with the 
fluorophore.
Fig. 12. Emission spectra of a DMF solution of oxidized DWCNTs (in red) and DWCNTs 4 (in black).
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Concerning PAb 1, after being dialyzed and washed several times from unreacted fluorophore, 
it was characterized in PBS by UV and fluorescence spectroscopy (Fig. 13 and 14).
Fig. 13. UV Spectroscopy of PAb 1: the peak of the antibody is visible at 280 nm while the one related to 
the  Ru complex is reported in the enlargement at 450 nm.
Fig. 14. Fluorescence Spectroscopy of PAb 1: the peak of the Ru derivative is visible at 630 nm.
In order to attest if the detection antibody was still able to recognize the toxin after the coupling 
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with the Ru complex, an ELISA was performed in collaboration with Dr. S. Boscolo from the 
group of Prof. R. Marzari. 
The protocol adopted was the standard one (details are reported in Chapter 4), whereby the 
sandwich is built coating the ELISA plates with the monoclonal antibody, blocking the non 
specific interaction sites with milk 2%, adding growing concentrations of biotinylated PLTX 
followed by the immunized rabbit serum, the purified polyclonal antibody and finally PAb 1.
Fig. 15. ELISA sandwich showing the activities of the serum, the purified PAb and PAb 1 towards 
biotinylated PLTX, recognized by MAb anti-PLTX. 
From Fig. 15 we can deduce that the reaction with the Ru complex affects somehow the activity 
of the antibody towards the toxin, since it is lower than the one explicated by the purified PAb. 
Absorbance values are out of the Lambert-Beer range because we drove the reaction towards 
saturation conditions,  in order to amplify the assay response. Hence, the graph should be read 
just through a qualitative key. 
As it was previously anticipated, we performed another ELISA in order to characterize even the 
activity of the capture moiety. 
More precisely, this experiment characterized the activity of the entire recognition unit, since we 
checked the assembly of the “sandwich” for the first time.
The procedure was maintained unaltered with respect to the previous test, except for the 
coating of the strips plates, that was performed with growing concentrations of MWCNTs 7 
(obtained from Series 2). Biotinylated PLTX was sown on the capture unit at the constant 
concentration of 2 ng/100 !"#$%#&""# '() #*"&')+,#-.""./)0#12# '() #$334%$5)0# 6&11$'#+)643,#'()#
*46$7)0#891#&%0#7%&""2#12#!"#$%:#
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Fig. 16. ELISA sandwich showing the activities of the serum, the purified PAb and PAb 1 towards 
biotinylated PLTX, recognized by MWCNTs 7.
Even in this case polyclonal antibodies and immunized serum maintained the same behaviour 
found in the antecedent test from the point of view of the activity towards the toxin. 
The linear dependence between absorbance and concentration of MWCNTs 7,  which 
characterizes all the tracks (except for the last absorbance point for PAb), indicates a very 
homogenous distribution of the antibodies in the capture moiety. Furthermore, it attests the 
state of health of both antibodies in capture and detection moieties, which is definitely 
preserved.
3.1.3 Electrode derivatization
Before dipping into details about the assembly of the biosensor, I want to summarize very 
briefly a section of work realized in collaboration with the group of Prof.  Paolucci in Bologna, 
concerning the polymerization on the electrode.
The passivation step is necessary because it facilitates the connection between the recognition 
unit and the electrode.  When the potential is applied, oxidized TPrA will be more concentrated 
closed to the electrode surface, therefore if the electrochemiluminescent species is far from the 
electroactive co-reactant, the electrochemiluminescent process will not be triggered off. That is 
why it is particularly important that the biosensor is covalently attached to the electrode.
In order to reach this aim, we exploited a polymeric matrix generated by the N-succinimidyl 
acrylate (NSA) monomer. This molecule presents two functionalities, the active ester, which is 
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suitable for nucleophilic attack by amines, and the acrylic function, which, once reduced, allows 
the formation of the polymer.
The polymerization reaction occurs at the reducing potential of -1.8 V thanks to the formation of 
a radical specie,  which reacts directly with the surface forming a polymer film (Fig.  17) 
characterized by high stability.
Fig. 17. Electrografting of NSA at -1.8 V.
The working electrode is dipped into the cell,  containing the monomer solution which has been 
previously degassed under Ar.  Cyclic voltammogram is  reported in Fig. 18.
The irreversible process at the potential of -1.6 V corresponds to the reduction of NSA. The 
voltammogram shows the decrease of the peak intensity depending on the scan rate, which is 
given by the formation of the polymer poly- N-succinimidyl acrylate (PNSA).
The cyclic voltammogram shown is in fact typical of adsorption processes of insulating films.
Furthermore, once polymerized, the electrode was functionalized with DWCNTs 5 (see Chapter 
4), as illustrated in Fig. 19.  First, CNTs were sonicated and dispersed in DMF. Then the electrode 
was dipped into the solution overnight. 
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Fig. 18. Cyclic voltammetry of 0.1 NSA, 0.05 TBAH, 
DMF. Working electrode: ITO, Reference electrode: Ag.
By this way, deposition of CNTs on the 
electrode through precipitation is 
avoided.
Since DWCNTs 5 did not possess 
electroactive groups, we exploited 
Impedance Spectroscopy in order to 
characterize functionalized ITO.
This technique allows the estimation of 
the capacitance of the electrode when 
covered with different materials. 
Capacitance is a measure of the amount of 
electrical energy stored for a given electric 
potential. It can be calculated if the 
geometry of the conductors and the 
dielectric properties of the insulator 
e-
Fig. 19. Picture illustrating functionalization of the electrode with DWCNTs 5. 
between the conductors are known and it is expressed as follows: 
C = !r !0 A/D 
where C is the capacitance, A is the area of overlap of the conductors, !r is the dielectric 
constant,
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constant, !0 is the electric constant (! 
8.854 " 10#12 F m–1) and D is the 
separation between the conductors. 
Since the closer the conductors are to each 
other,  the greater the capacitance, the 
attachment of carbon nanotubes on the 
insulating polymer should increase D and 
vice versa decrease the capacitance.
The curves reported in Fig.  20. illustrate 
this relation and confirm the presence of 
the nanotubes on the polymeric film.
Impedance spectroscopy was performed 
in solutions of 0.05 M TBAH 
(tetrabutylammonium hydroxide) in 
DMF.Fig. 20. Capacitance diagrams measured on a glassy 
carbon electrode grafted with NSA (red) and on the same 
electrode functionalized with DWCNTs 5 (blue).
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I. Elettrodo GC funzionalizzato con PNSA (identica alla seconda misura del paragrafo 
precedente) 
II. Elettrodo GC funzionalizzato con PNSA e coperto da DWCNT-COOH 
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Figura 4.11: diagrammi di capacità per l’elettrodo GC con PNSA  (in rosso) e GC funzionalizzato con 
PNSA  e ricoperto da DW CNT-COOH (in blu) 
 
Anche in questo caso i diagrammi, e i relativi fitting, mostrano in modo analogo al precedente caso 
come vi sia una diminuzione della capacità.  
Riportiamo in tabella 4.2 i risultati del fitting per le misure di impedenza dei due sistemi: 
 
 GC + PNSA GC + PNSA + NT 
Rs      [ohm] 762.8 ± 0.56 % 386 ± 2.42 % 
Q0      [S*s
n
] 3.283*10
-6
 ± 0.56 % 2.131*10
-6
 ± 1.96 % 
n      (0<n<1) 0.90 ± 0.17 % 0.86 ± 0.52 % 
R1     [ohm] 1.08*10
7
 ± 5.6 % 1.375*10
7
 ± 17 % 
 
Tabella 4.2 
 
Anche per i DWCNT-COOH possiamo concludere che la reazione con la superficie polimerica sia 
andata a buon fine.  
Infine, possiamo dire di aver dimostrato di poter ancorare stabilmente nanostrutture ad una 
superficie precedentemente polimerizzata con PNSA secondo la reazione riportata in figura 4.5. 
3.2 Biosensor assembly
Considering the excellent results provided by the ELISA tests, we decided to copy this 
technique step by step and “paste” it on the electrode.
Thus, we have applied the same protocol, respecting concentrations, time and temperature 
conditions.
We have used an electrochemiluminescence cell presenting a cavity on one side, which acted as 
an ELISA well.  The hole was in fact in direct contact with the surface of the electrode and 
therefore, with the polymer.
First, we dropped into the cavity MWCNTs 7 in the concentration of 1 mg/ml, we blocked non 
specific interaction sites by addition of lyophilized milk 2% and we rinsed the electrode with 
fresh PBS.
Second we added the biotinylated PLTX at the concentration of 200 ng/ml, we washed again 
the surface with PBS and finally we completed the device by addition of the detection moiety 
(PAb 1) in the same concentration of the capture unit. The electrode was rinsed again with PBS 
and PBS tween 0.1%.
The cell was laid down into the dark box, assembling the biosensor as the working electrode, 
while Ag was used as the reference electrode and Pt as the counter electrode. TPrA 0.04 M was 
added as co-reagent.
Cyclic voltammetry and ECL emission registered are reported in Fig. 21. The cyclic 
voltammetry showed the typical TPrA irreversible oxidation process at the potential of about 1 
V, while the oxidation peak of the Ru complex is not visible because hidden by TPrA signal.
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Fig. 21. Cyclic voltammetry (black) and ECL emission (red) of 
the device at 0.1 V, PBS 1X, TPrA 40 mM. PMT = 750 V, Amp = 
00.0 nA.
Concerning ECL emission, there is 
clearly an increasing of the signal 
starting from the potential of 1.45 V.
In order to highlight the process, 
we have also performed a 
chronoamperometry where 
potential of 1.45 V was applied by 
pulses.
Fig. 22 shows strong ECL emission 
signals 0.5 s long, exactly the time 
of application of the potential. 
Based upon these results, we 
arranged the blank experiments in 
order to exclude that other 
will not assembly and consequently the detection unit will be washed away with the final 
rinsing steps. 
Furthermore, this is a proof of the presence of residual Ru complex, not bound to PAb 1, which 
should give emission even without the antigene.
Even in this case we performed the chronoamperometry without registering any ECL emission 
(Fig. 23 b).
These results are extremely important since they confirm that the emission is electrogenerated 
and is strictly dependent on the formation of the sandwich.
Since the quality of the device was proved, we moved to the next step towards the employment 
of
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Fig. 22. Current (black) and ECL emission (red) signals 
versus time related to the device. PBS 1X, TPrA 40 mM. 
E1 = 0V, t1 = 1 sec; E2 = 1.45 V, t2 = 0.5 sec. PMT = 750 V, 
Amp: 00.0 nA.
fluorescent species present in the 
biosensor could interfere with the 
emission signal giving a false positive or 
just helping the signal to increase.
One blank was realized employing a 
polyclonal antibody not labelled, in 
order to attest the absence of signal 
without marker.
As in the previous case, we registered 
both cyclic voltammetry and 
chronoamperometry (Fig. 23 a) in the 
same conditions , without seeing any 
ECL emission.
Instead in the second blank we did not 
add the toxin. By this way, the biosensor 
Biosensor response to PLTX
ChronoamperometryGradually increasing V
Thursday, 3 March 2011
Fig. 23. a. Current (black) and ECL emission (red) signals versus time related to the blank without marker. 
PBS 1X, TPrA 40 mM. E1 = 0V, t1 = 1 sec; E2 = 1.45  V, t2 = 0.5 sec. PMT = 750 V, Amp: 00.0 nA. b. Current 
(black) and ECL emission (red) signals versus time related to the blank without toxin. PBS 1X, TPrA 40 
mM. E1 = 0V, t1 = 1 sec; E2 = 1.45 V, t2 = 0.5 sec. PMT = 750 V, Amp: 00.0 nA.
a
Friday, 4 March 2011
b
of different concentrations of analyte. The goal of these measurements was to verify the 
correlation between the concentration of the analyte and the light emitted. 
If there is a dependence, the device could be really employed to quantify the amount of PLTX 
present in the sea, which is supposed to be the most important target of this research.
Fig. 24 shows the overlay of six chronoamperometries obtained from different concentration of 
biotinylated PLTX. 
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Fig. 24. Chronoamperometries obtained from six 
different concentrations of biotinylated PLTX.
The black track is the one obtained with 260 
ng/ml of biotinylated PLTX. The grey and 
the blue curves correspond respectively to 
52 and 26 ng/ml of antigene, while the red 
and the green was registered adding 2.6 
ng/ml and 0.26 ng/ml of toxin. Finally the 
orange line is associable at the PLTX 
concentration of 0.13 ng/ml.
Even if the orange signal is hardly 
distinguishable from the background noise, 
it is clear that there is a strong 
proportionality between ECL intensity and 
concentration of the analyte.
This relation is highlighted in the graph 
reported in Fig. 25,  which shows the ECL 
intensity versus the concentration of toxin 
tested. The curve is obtained by subtraction 
of the signal recorded without emission to 
the average signal from the whole emission 
step. The average of the emission responses 
at each concentration is required because in 
every chronoamperometry three different 
pulses of potential 0.5 seconds long have 
generated lightly different curves, which 
however give their contribution in the error 
band.
We can also ascertain that the shape of the 
curve mimes very well the typical non 
competitive Michaelis-Menten relation 
between enzyme and substrate,  which is 
quite similar to the one between antibody 
and antigene.
Fig. 25. Dependence of ECL intensity to concentration 
of biotinylated PLTX.
3.3 Conclusions
To conclude, it is clear that all our initial prerogatives were satisfied. We have been able to 
realize a very sensitive biosensor for PLTX detection, which has reached until now the highest 
sensitivity of 0.26 ng/ml, corresponding to a ten times higher limit than the one given by the 
ELISA.
In addition, we have elaborated a first calibration line, allowing the correlation between 
emission intensities and correspondent PLTX concentration.
Further improvements to the device could be focused on the labelling reaction of the secondary 
antibody anti-PLTX. In fact, calculations of the amount of fluorophore bound to the 
biomolecule, based on molar extinction coefficient and on the measured absorbance, revealed 
just one Ru complex for PAb 1. 
This fact could be overcome by the employment of a different complex bringing a longer 
aliphatic arm than the short C4 one used in this work. The length of the chain is probably too 
small to permit the availability of the terminal amine for the coupling reaction with the 
activated carboxylic groups. In addition, the lipophilic character of the substituent does not 
favour the exposition of the amine to the acid, since the solution is aqueous.
Furthermore, it could be interesting to couple the antibody with an “amplifier linker”, carrying 
several attachment sites for the Ru complex. To this aim we could exploit avidin, which is a 
tetrameric protein, allowing the attachment of four biotine-conjugated Ru complexes, or either a 
dendron. 
By this way, several fluorophores will be coupled to the antibody, with a consequent strong 
increment in the resulting emission signal and in the sensitivity of the device.
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Experimental section

4.1 Materials
Chemicals were purchased from SigmaAldrich and Riedel-Fluka and used as received. Ru(bpy)32+ 
derivative was purchased from Cyanagen (Bologna, Italy).
Solvents were purchased from SigmaAldrich, and deuterated solvents from Cambridge Isotope 
Laboratories. 
Carbon Nanotubes: MWCNT were produced by the CVD method and purchased from 
Nanostructured & Amorphous Material Inc (Los Alamos, USA).  DWCNT were produced by the 
CVD method and were purchased from Nanocyl s.a. (Sambreville, Belgium). 
Polyclonal and monoclonal anti-PLTX antibodies: New Zealand white rabbits were housed at 
the University of Trieste animal house according to institutional guidelines, and all animal work 
was approved by the Institutional Review Committee for Animal Studies of the University of 
Trieste in accordance with national (DL N116, GU, suppl. 40, 18-12-1992) and international laws 
and policies (European Community Council Directive 86/609, December 12, 1987). Animals 
were kept in individual cages in the Animal Facility of the University of Trieste in a controlled 
environment (T = 22° C, 12-/12-hours light/dark cycle), and fed a standard commercial diet 
(Harlan). Animals were immunized intradermally with 200 µg of PLTX-BSA conjugate in PBS in 
Freund's complete adjuvant (50:50, 1 ml). After four weeks, the animals were boosted with 100 
µg intradermally in Freund's incomplete adjuvant (50:50, 1 ml). Subsequent boosts occurred 
every four weeks utilizing 75 µg of PLTX-BSA subcutaneously and 25 µg intramuscularly. Titers 
of anti-PLTX antibodies in rabbit sera were tested by ELISA 10 days after each boost. At the end 
of treatment animals were exsanguinated under general anesthetic in accordance with national 
and international guidelines.  Total rabbit IgG antibodies were affinity purified on protein A 
column (Protein A Sepharose Fast Flow GE Healthcare) following manufacturer instructions.
Mouse monoclonal anti-PLTX antibody 73D3, was developed by Bignami (Bignami et al., 1992) 
and produced from hybridoma cultures.
Palytoxins: 
-Palytoxin 1:  lyophilized powder purchased from “Wako pure chemical industries” (Osaka, 
Japan).
-Palytoxin 2: lyophilized powder from P. Tuberculosa (mixed with PLTX - 42OH).
-Palytoxin 3: lyophilized powder of the conjugate Palytoxin 2 – biotin (see attached synthesis 
below).
-Palytoxin 4: 250 µg/ml of Palytoxin 2 suspended in ethanol 50%.
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ELISA polystyrene microwell solid plates were purchased from “Corning Costar”, Euroclone.
CNTs filtering membranes and “Amicon” centrifugal tubes were purchased from Millipore. 
Dialysis membranes (cut off: 12000-14000 Da, realized in regenerated cellulose,  and cut off: 
300000 Da, realized in cellulose ester) were purchased from SpectrumLab.
4.2 Methodologies
4.2.1 CNTs modification and characterization
MWCNTs 1
500 mg of MWCNT were sonicated in a mixture of nitric and sulfuric acid (72 ml) in the ratio of 
1 to 3 respectively for 24 hours.
The mixture was filtered on a Millipore membrane (JHWP, 0.45 !m) and washed several times 
with distilled water until the pH of the solution was neutral. Washings of the mixture consisted 
in 15 minutes of sonication followed by filtration and replacement of fresh water.
The black solid on the membrane was then washed once with methanol and once with diethyl 
ether, and finally it was dried under vacuum, affording MWCNTs 1 (406 mg).
The amount of carboxylic acids introduced correspondent to 1.8 mmol/g and 1.4 mmol/g for 
Series 1 and 2 respectively was calculated on the base of the weight loss highlighted by TGA 
thermographs (shown in Fig. 5 and 9, Chapter 3).  
Average length of the tubes was measured in both samples and related to correspondent 
frequency in a graph (Fig. 4 a, Chapter 3).
TEM images reported below indicate very clearly both decreasing in length and high 
dispersibility of MWCNTs 1 after the cut reaction. Also general aspects distinguishing 
MWCNTs are visible:  several walls appear as dark and thick contours while the inner cavity 
Chapter 4
111
HNO3/H2SO4 = 1/3
24 h, )))
COOH
COOH
COOH
COOH
Experimental  section
112
1000 nm
1000 nm
200 nm
1000 nm
Fig. 1. TEM images of a. MWCNTs pristine, 
dispersed in DMF, photo taken at 14000x. b. 
MWCNTs pristine, dispersed in DMF, photo 
taken at 11000x. c. MWCNTs 1, Series 2, 
dispersed in DMF, photo taken at 56000x. d. 
MWCNTs 1, Series 2, dispersed in DMF, photo 
taken at 14000x.
a
b
c
d
MWCNTs 2
COOH
COOH
COOH
COOH
100 mg of MWCNTs 1 were sonicated for 1 hour in 100 ml of DMF in order to obtain an 
homogeneous dispersion.
150 mg of paraformaldehyde and 150 mg of the corresponding aminoacid were added 4 times 
(every 24 hours) to the suspension, which was stirred and heated to 115°C for 5 days.
After being cooled to room temperature, the suspension was sonicated again for 30 minutes and 
filtered on a Millipore membrane (JHWP, 0.45 !m). The black solid on the membrane was 
sonicated for 30 minutes and filtered, 5 times in fresh DMF and 4 times in methanol. 
To conclude, CNTs on the filter were washed with diethyl ether and dried under vacuum 
overnight. Resulting material was 97 mg.
Weight loss indicated by TGA thermographs (shown in Fig. 9, Chapter 3) was 2.9%, 
correspondent  to 106 !mol/g.
MWCNTs 3
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95 mg of MWCNTs 2 were sonicated for 1 hour in 100 ml of hydrochloric acid with dioxane in 
the mixing ratio of 1 to 2 respectively. The suspension was stirred overnight at room 
temperature, sonicated again for 30 minutes and subsequently filtered on a Millipore membrane 
(JHWP, 0.45 !m). As reported before, the black solid on the membrane was sonicated for 30 
minutes and filtered,  5 times in fresh dimethylformamide and 4 times in methanol, washed with 
diethyl ether and dried under vacuum overnight, affording 91 mg of amino functionalized 
material.
Kaiser test was performed to afford number of free amino groups, which resulted in 82 !mol/g 
in Series 1 and in 65 !mol/g (Fig. 6 and 10, Chapter 3).
MWCNTs 4
MWCNTs 4 were obtained by reaction of 30 mg of MWCNTs 3 with 40 equivalents of 3-
(maleimido)propionic acid N-hydroxysuccinimide ester in anhydrous dimethylformamide, 
overnight, at room temperature, under Ar.
The mixture was filtered on a Millipore membrane (JHWP, 0.45 !m), sonicated and filtered 5 
times with fresh dimethylformamide and 4 times with methanol, washed with diethyl ether and 
dried under vacuum overnight. Final product was 23 mg.
The amount of functionalities introduced was estimated by Kaiser Test (49 !mol/g for Series 1 
and 33 !mol/g for Series 2, Fig. 6 and 10, Chapter 3). 
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MWCNTs 5
12 mg of MWCNTs 4 were sonicated for 30 minutes in anhydrous dimethylformamide. 1.5 
equivalents of N-(3-dimethylaminopropyl)-N!-ethylcarbodiimide were added, followed after 15 
minutes by 1.5 equivalents of 1- Hydroxy-7-Azabenzotriazole and (2-[2-(2-
aminoethoxy)ethoxy]ethyl) carbamic acid tert-butyl ester. The mixture was stirred at room 
temperature overnight.
The suspension was sonicated for 30 minutes and filtered on a Millipore membrane (JHWP, 0.45 
!m). CNTs on the membrane were sonicated and filtered, 5 times in fresh dimethylformamide 
and 4 times in methanol. CNTs on the filter were washed with diethyl ether and dried under 
vacuum overnight. 
MWCNTs 5 from Series 1 were characterized by TGA, showing 60.7 !mol/g of functionalities 
introduced. Instead Series 2 produced the loading of 71 !mol/g (Fig. 6 and 9, Chapter 3).
Aspect of the tubes was investigated by TEM analysis, which showed unchanged morphology, 
homogeneous dispersion and high degree of purity. 
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Fig. 2. TEM images of MWCNTs 5, dispersed 
in DMF, taken at 22000x (a), 56000x (b), 
110000x (c).
a b
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10 mg of MWCNTs 5 were dispersed by sonication in 10 ml of TFA and DCM (50% V/V).  The 
mixture was stirred overnight at room temperature.
The solution was sonicated for 30 minutes and filtered on a Millipore membrane (JHWP, 0.45 
!m). CNTs on the membrane were sonicated in methanol for 30 minutes and filtered; the 
operation was repeated 5 times. To conclude, CNTs were washed with diethyl ether and dried 
under vacuum overnight. Resulting material was 8 mg.
Estimation of amino groups by Kaiser Test resulted in 50.4 !mol/g and 51 !mol/g for Series 1 
and 2 respectively, whereas calculations from TGA thermographs indicated 133 !mol/g for 
Series 1 (Fig. 6 and 10, Chapter 3).
MWCNTs 7
5.7 mg of MWCNTs 6 were added to MAb 2 and the solution sonicated for 10 minutes in an ice 
bath. The dispersion was shaken at room temperature for 24 hours.
The mixture was centrifuged 5 times with replacement of fresh PBS at each step. The pH of the 
buffer was adapted to 7.4 by dialysis (with a 300,000 cut off membrane) at 4°C for 48 hours. 
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TGA termographs are reported in Fig. 6 and 10, Chapter 3. Biacore analysis is reported in Fig. 8, 
Chapter 3. Samples were dialyzed in distilled water in order to remove PBS salts and analyze 
their morphology by TEM.
Fig. 3. Tem images of MWCNTs 7 dispersed in water, taken at 36000x (a), 8900x (b) and 89000x (c).
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CNTs appear very clean and less dispersed with respect to the previous reaction steps images. 
The lack of dispersion is due to CNTs hydrophobicity, which enhances aggregation of the tubes 
in bigger structures, known as bundles, if dispersed in aqueous solution. 
DWCNTs 1
Procedure was the same applied for MWCNTs 2, starting from 100 mg of oxidized DWCNTs. 
Resulting CNTs (95 mg) were characterized by Raman Spectroscopy (Fig. 11, Chapter 3) and by 
TGA analysis.
TGA under N2 showed weight loss of 7.51% for oxidized DWCNTs, and of 12.6% for DWCNTs 
1, corresponding respectively to 1.7 mmol/g and to 186 !mol/g.
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From TEM images nanotubes appear very clean and very well dispersed and individualized. 
DWCNTs 2
30 mg of DWCNTs 1 were sonicated in 20 ml for 30 minutes in anhydrous dimethylformamide 
with a molar excess of DIEA.  100 equivalents of EDCI were also dispersed in 20 ml of 
anhydrous dimethylformamide and added to the mixture, that was stirred stirred under Argon 
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Fig. 4. TEM images of DWCNTs 1 dispersed in DMF, taken 
at 22000x (a) and at 14000x (b).
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NHS
for 1 hour, at room temperature.  100 equivalents of NHS were added and the solution was 
stirred under Argon overnight, at room temperature.
The solution was sonicated for 30 minutes and filtered on a Millipore membrane (JHWP, 0.45 
!m). CNTs on the membrane were sonicated in fresh DMF for 30 minutes and filtered; the 
operation was repeated 4 times with DMF, 3 times with i-PrOH and 4 times with diethyl ether. 
To conclude, CNTs were dried and stored under vacuum overnight. 27 mg of resulting material 
were afforded.
The derivative was characterized by TGA, giving 480 !mol/g of activated carboxylic groups.
DWCNTs 3
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8 mg of DWCNTs 2 were sonicated for 50 minutes in 8 ml of anhydrous DMF with a molar 
excess of DIEA. 2 mg of Ru(bpy)32+ derivative were dissolved in 2 ml of anhydrous DMF and 
added to the nanotubes mixture, which was sonicated for 20 minutes and stirred under Argon 
for 24 hours, at 45 °C.
The mixture was sonicated and filtered on a Millipore membrane (JHWP, 0.45 !m). The black 
powder on the membrane was sonicated and filtered 4 times with fresh DMF, 3 times with 
MeOH and finally 3 times with Et2O. CNTs were dried under vacuum overnight. Final product 
weight was 6 mg.
DWCNTs 4
Procedure was the same observed for MWCNTs 3, starting from 6 mg and affording 4.5 mg. 
Since this compound was produced in a limited quantity, ordinary characterization by TGA and 
Kaiser Test, which are techniques that require at least 1 mg of sample for each measurement, 
was prevented. Therefore characterization was performed just by analysis of ECL emission, 
showed in Fig. 12, Chapter 3.
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4.2.2 Ab modification and characterization
Monoclonal antibody
MAb 1
4 mg of monoclonal antibody anti-PLTX (1 mg/ml in PBS) were exchanged from pH 7.4 to pH 
7.8 by dialysis (a 12,000-14,000 cut off membrane was used) overnight at 4°C. 
40 equivalents of 2-iminothiolane (Traut’s reagent) were added to the solution, which was 
gently shaken at room temperature for 90 minutes.
The pH of the buffer solution was then decreased again up to 6.7 by dialysis overnight at 4°C. 
The amount of sulfhydryl groups introduced for each antibody was estimated by Ellman’s 
assay and resulted in 13. 
The activity of the antibody after thiolation was check by Biacore analysis. Before performing 
Biacore experiments on thiolated antibodies, we analyze the Kd of a series of palytoxin 
solutions, in order to know which one will manifest more affinity towards the antibody. 
Best affinities were shown by PLTX solution 1 (commercial), with Kd = 1.9 x 10-10 and PLTX 
solution 3 (conjugated with biotin) with Kd = 7.65 x 10-9 (Fig. 5 a, b). 
Thus, when activity of MAb 1 was analyzed with Biacore, PLTX solution 1 and 3 were 
employed, in order to obtain better responses.
Fig. 5 a. Tables showing Ka and Kd for PLTX solution 1 and 3 on MAb, calculated on the base of RU.
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Fig. 5 b. Sensorgram of PLTX solution 1 and 3 on MAb, registered at different concentration of analyte.
Sensorgram and correspondent Kd related to PLTX solution 3 on MAb 1 are already reported in 
Fig. 7, Chapter 3. 
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Fig. 6 a. Table showing Ka and Kd for PLTX solution 1 on MAb 1, calculated on the base of RU.
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Fig. 6 b. Sensorgram of PLTX solution 1 on MAb 1, registered at different concentration of analyte.
Procedure observed for the synthesis of MAb 1 from Series 2 was the same, starting from 3 
mg/ml of Ab and affording 32 sulfhydryl groups per antibody.
Polyclonal antibody
To 1 mg/ml of PAb in PBS 1x, which pH was corrected to 7.8, 85 molar equivalents of EDCI, 
NHS and Ru(bpy)32+ derivative were added. The solution was gently shaken for 90 minutes and 
then exchanged to pH 7.4 by dialysis (12000-14000 cut off membrane was used).
In order to remove all unreacted Ru complex, the solution was centrifuged with Millipore 
Amicon ® Ultra-0.5 centrifugal filter devices, with 50000 cut off membranes, and refilled with 
fresh PBS 1x until filtrated solution did not show anymore the Ru(bpy)32+ peak at 450 nm.
UV-Vis and fluorescence spectroscopies where employed to characterize the derivative (Fig. 13 
and 14, Chapter 3). Activity towards PLTX solution 1 was proved by ELISA (Fig. 15 and 16, 
Chapter 3).
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4.2.3 Biosensor Assembly
Electrode polymerization  
Electrografting was performed utilizing a solution of NSA 0.1 M, TBAH 0.05 M in 3 ml of DMF. 
Working electrode was put inside the cell containing the solution with NSA, which was 
degassed with Argon for 15 minutes. 
Ag reference electrode and Pt counter electrode were used. The reductive potential of -1.8 V was 
applied to the cell and voltammetry cycles were repeated for 40 times.
Sandwich setting up 
                           
20 !l of MWCNTs 7,  1 mg/ml, with 10 !l of EDCI, saturated solution, were dropped on 
electropolymerized ITO (working electrode) and left on the surface overnight at 4°C. 
A non competitive ELISA sandwich protocol was applied: 
•  ITO electrode was abundantly rinsed with fresh PBS 1x to remove unreacted nanotubes.
•  40 !l of lyophilized milk 5 % (w/v) were put into the cell well and left for 30 minutes at 
room temperature.
•  Rinsing of the electrode with fresh PBS 1x for 2 times.
•  Addition of 20 !l of PLTX solution 3, at the desired concentration. Reaction time was 60 
minutes at room temperature.
•  Rinsing of the electrode with fresh PBS 1x for 2 times.
•  Addition of 20 !l of PAb 1 1 mg/ml. The cell was kept at room temperature for 60 
minutes.
•  Rinsing with PBS 1x- Tween 20 ®  0.1% (v/v) for 3 times. Rinsing with PBS 1x for 3 times.
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Figura 3.12: Fotografia della cella utilizzata in questo lavoro di tesi. La cella viene posizionata 
direttamente sopra al PMT. 
 
Con questa configurazione è possibile massimizzare il segnale luminoso registrato dal PMT grazie 
anche alla particolare struttura della cella mostrata in figura 3.13. 
 
 
Figura 3.13: struttura della cella utilizzata 
 
La parte superiore della cella funge da pozzetto per lo sviluppo della procedura ELISA mentre 
la parte inferiore presenta un incavo al di sotto del quale viene posizionato il PMT. Il segnale 
luminoso emesso dunque dovrà attraversare la superficie dell’elettrodo, la lastrina di vetro su 
cui è depositato l’ITO e il sottile spessore di plexiglas del fondo della cella. Questa 
disposizione ci permette dunque di avvicinare il più possibile il PMT alla superficie elettrodica 
per raccogliere la maggior parte di segnale luminoso. 
 
All the steps, from coating of the ITO electrode with 
nanotubes, to measurement of light emitted, were 
performed utilizing a particular cell, consisting in 2 
parts. The inferior part,  made in transparent 
plexiglas, that allowed the light to pass through the 
cell in order to be caught by the photo multiplier. 
The upper part was made in PTFE and presented a 
cavity in the middle that acted as an ELISA well. 
The images obtained after SEM analysis showed CNTs randomly spread on the surface of the 
electrode. They appeared agglomerated in bundles, even in the parts of the surface where the 
concentration is low. However this is quite obvious, since in every step concerning the 
biosensor assembly the solvent used was PBS.
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Fig. 8. SEM images realized on the ITO electrodes after assembling the biosensor. 
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4.2.4 Synthesis of organic intermediates
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Synthesis of 1
To a solution of 2,2’-(ethylene-dioxy)bis(ethylamine) (15g) in THF (400 ml) was added a solution 
of Boc2O (7g) in THF (100 ml), dropwise the most slow as possible. The solvent was removed 
under reduced pressure and the residue was dissolved in AcOEt (150 ml), washed with water 
(100 ml), the aqueous phase was washed with AcOEt twice. The organic layers were dried with 
Na2SO4 and evaporating. The product was reduced under vacuum, resulting in a clear viscous 
oil.
Synthesis of 2
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To a solution of (2-[2-(2-amino-ethoxy)-ethoxy)-ethyl)-carbamic acid tert-butyl ester (1.4 g) in 
THF (30 ml) cooled to 0 °C, was added a solution of benzyl-bromoacetate (0.3 ml) in THF (15 
ml), dropwise over a period of 1.5 hours. The reaction mixture was allowed to reach the room 
temperature and was stirred overnight. The solvent was removed under reduced pressure and 
the residue dissolved in AcOEt (150 ml), washed with water (100 ml), the aqueous phase was 
washed with AcOEt twice. The organic layers were dried with Na2SO4 and evaporated. The 
final product was purified by chromatography in AcOEt until the impurity was eluted, then the 
eluent used was AcOEt/MeOH 7:3 until the product was obtained.
Resulting product (yellow oil) was dried under vacuum.
Synthesis of 3
To a methanol solution (50 ml) of 2 (5.05 mmol) was added 50 mg of 10% Pd/C and the mixture 
was stirred under a hydrogen atmosphere for 24 hours.  The catalyst was removed by filtration 
on celite, and the solvent was evaporated. The pure product was triturated in diethyl ether to 
give a white solid. 
C13H26N2O6, MW: 306 u.m.a. Yield: 1.6 g.
1 H-NMR (200 MHz, CDCl3): 10.6 (s, 1 H), 7.8 (bs, 1H), 3.2-3.8 (m, 14 H), 1.7 (bs, 2H), 1.4 (s, 9 H). 
13 C-NMR: ! 170.5, 156.2, 79.1,  70.4, 70.3, 70.1, 66.6, 49.8, 46.8, 40.4, 28.6. IR-DRIFT: cm-1 3250, 
2970, 1706, 1620, 1540, 1365, 1115, 686, 590, 480. EI-MS: m/z 306 (M+).  
Organic compound 2
In dry conditions maleic anhydride (3.92 g,  40 mmol) and "-alanine (3.56 g, 40 mmol) were 
dissolved in 40 ml of dry DMF and the solution was stirred for one hour after the complete 
dispersion of "-alanine. The resulting solution was cooled in an ice bath and N-hydroxy-
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succinimide (5.76 g, 50 mmol) and DCC (16.5 g, 80 mmol) were added. After approximately 10 
minutes, the ice bath was removed and the white-pink suspension was stirred for 4 hours under 
Argon atmosphere. After this time the reaction mixture was filtered in a Büchner funnel to 
remove the precipitated dicyclohexylurea (white crystals). 
The filtrate solution was diluted in 5 volumes of H2O and the product extracted 3 times with 
CH2Cl2 (50 ml).  The organic phases were put together and anhydrificated with Na2SO4 and the 
solvent was evaporated. The orange residue was solubilized in CH2Cl2 and the product 
precipitated with petroleum ether. The white precipitate was crystallized 3 times with MeOH 
and cyclohexane and then dried under vacuum overnight.  The product obtained was white 
crystals. 
C11H10N2O6, M.W.: 266.2 u.m.a. Yield: 28.2% (3 g, 11.2 mmol). 
1H-NMR (200 MHz, CDCl3):  6.72 (s, 2H), 3.82 (t, 2H), 3.00 (t,  2H), 2.80 (s, 4H).  13C-NMR (200 
MHz, CDCl3): 170.0, 165.9, 134.2, 33.0, 29.8, 25.6. ESI-MS (m/z): 289.1 (M+ + Na+). 
4.3 Specific instrumentation and 
techniques
Nuclear magnetic resonance (NMR): 200 MHz 1H-NMR and 13C-NMR were obtained on a 
VARIAN Gemini 200 spectrometer.  Chemical shifts are reported in ppm using the solvent 
residual signal as an internal reference (CDCl3: !H = 7.26 ppm, !C = 77.16 ppm, CD3OD: !H = 
3.31 ppm, !C = 49.00 ppm, Me2SO-d6: !H = 2.50 ppm, !C = 39.52 ppm, C5D5N: !H = 7.19,  7.55, 
8.71 ppm, !C = 123.5, 135.5, 149.5 ppm). Coupling constants (J) are given in Hz. The resonance 
multiplicity is described as s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of 
doublets), m (multiplet), br (broad signal). 
 
UV-Vis-NIR Spectra: were recorded on a VARIAN Cary 5000 spectrometer in 1 cm thick quartz 
cuvettes.
Fluorescence Spectra: emission spectra were collected on a VARIAN Cary Eclipse 
spectrofluorimeter in 1 cm thick quartz cuvettes. 
Raman Spectra: were recorded with an RENISHAW Invia microspectrometer (50x) equipped 
with He-Ne laser at 633.
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Thermogravimetric analysis (TGA):  TGA analysis were run on the instrument TGA Q500 from 
TA Instruments using N2 gas flux and a heating ramp starting each measurement cycle from 
10°C per minute up to 1000°C and ending with an isotherm at 100°C for 20 minutes. 
Measurements were taken at least 2 times per sample and the average value of weight loss was 
reported. Data were analyzed by evaluating the ratio between number of carbon atoms and 
functional groups obtained by the relation: ((100- A)/12)/(A/B); where A is the weight loss and 
B is the molecular weight of the functionalization. 
Transmission electron microscopy (TEM): TEM images were taken on a Philips EM 208 
electronic microscope operating at 100 kV. Sample were prepared suspending the compound in 
DMF or water and depositing some drops of the solution on copper grids covered by a carbon 
film of 3.00 mm. Solvent was dried overnight under vacuum. 
Scanning electron microscopy (SEM): SEM images were taken with a Zeiss XB1540 
microscope. 
Cyclic Voltammetry (CV):  measurements were registered on an AUTOLAB potentiostat 
interfaced to a GPES software on a personal computer.
Impedance Spectroscopy (EI): measurements were taken by an AUTOLAB potentiostat and 
elaborated using a FRA software on a personal computer.
Electrochemiluminescence (ECL): ECL instrumentation is constituted by a Spectra-Pro 2300i 
monochromator from Acton Research corporation®, by a photomultiplier and a photodiode. 
The electric signal is sent from the photodiode to a personal computer through a Spectra Hub 
interface. Signals are elaborated by the personal computer through a Spectra Sense 4.0 software.
Dark box were fabricated at the University of Texas (Austin, USA).
Biacore Surface Plasmon Resonance (SPR): The BIACORE 3000 system and the sensor chip 
CM5 were from BIACORE (Uppsala, Sweden). CM5 chips were used for all the experiments. 
HBS-EP buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% P20 surfactant, pH 7.4) was 
used as running buffer and to dilute both the ligand and the analyte solutions.  The ligand was 
anchored to the chip via EDC-NHS activation of the surface. All the experiments were 
conducted at 25°C with constant flux of 20 !l/min. Different concentrations of analogues (30 
nM-300 nM) were injected. Both association and dissociation phases were 3 minutes lasting. 
After each experiment the surface was regenerated by 10 !l of 10 mM HCl. The kinetic 
parameters were calculated using the BIAeval 3.1 software on a personal computer. Analysis 
was performed using the 1:1 Langmuir binding model. The specific binding profiles were 
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obtained after subtracting the response signal from the control channel (mAb Sc433, IgG mouse) 
and from blank-buffer injection. The fitting to each model was judged by the chi square value 
and randomness of residue distribution compared to the theoretical model.
ELISA assays: MAb-PLTX solution 3-PAb 1: non competitive sandwich was performed by 
coating the wells with 100 !l of MAb 1 mg/ml, overnight at 4°C, and rinsing 2 times the strips 
with fresh PBS 1x. The remaining sites for protein binding on the microtiter plate must be 
saturated by incubating with blocking solution (200 !l of lyophilized milk 2% w/v for 30 
minutes at room temperature). The strips were rinsed for 2 times with PBS 1x. PLTX solution 3 
was added in the concentrations of 0.25 ng/100 !l, 0.5 ng/100 !l, 1 ng/100 !l and 2 ng/100 !l 
and left in the well for 60 minutes at room temperature. The strips were rinsed for 2 times with 
PBS 1x. 100 !l  of PAb 1 were added, 1 mg in 1 ml of PBS 1x 2% milk w/v at room temperature 
for 60 minutes. The strips were rinsed 3 times with PBS 1x and 3 times with PBS tween 20 0.1% 
v/v. 100 !l of secondary HRP-conjugated PAb 1mg/ml were added in PBS milk 2% w/v and 
left into the well for 45 minutes at room temperature. PBS tween 20 0.1% and PBS rinsing were 
repeated 3 times each. 60 !l of TMB were added. After 5 minutes 30 !l of sulfuric acid 1M were 
added to stop the reaction. Absorbance of the wells was measured.
All the measurements were performed in couple. Negative control was obtained by avoiding 
the addition of the antigene. Absorbance of each measurement was calculated by subtracting 
absorbance of the negative control by the average value between two wells of the couple.
MWCNTs 7-PLTX solution 3-PAb 1: the protocol was unchanged with respect to the previous 
assay, except for the coating of the electrode, which was performed by adding different 
concentrations of MWCNTs 7 (0.1 ng/100 !l, 0.5 ng/100 !l, 1 ng/100 !l and 1.5 ng/100 !l) and 
for the concentration of PLTX solution 3, which on the contrary was kept constant at 2 ng/100 !l.
Ellman’s test (DTDP assay) for quantification of sulfhydryl groups: concentration of MAb 1 in 
PBS 1x was measured through UV Spectroscopy (" = 1.36). Two solutions were prepared, one 
conta
Fig. 8. Reaction of a mercaptan with DTDP 1.
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[14]. Fortunately, the educt (DTNB2–) and the mixed prod-
uct (R-S-TNB–) show the same weak absorption at 412 nm
(!412 ~ 210 M
–1 cm–1, see Fig.1); thus, the net change in
molar absorptivity ("!412) is equal to the molar absorptiv-
ity of the intensely colored by-product TNB2–.
Unfortunately, the molar absorptivity of TNB2– was under-
estimated in the original publication (!412 = 13,600 M
–1 cm–1
[10]), and the corrected, proven value (!412 = 14,150 M
–1 cm–1
[14]) has largely been ignored in the literature. While this
“traditional” 4% error of !412 represents a minor problem,
the general reliability of Ellman’s assay for protein sulf-
hydryls has been questioned in several studies: A number
of protein sulfhydryls were seen to give an incomplete re-
action with Ellman’s reagent, even during prolonged as-
say times [12, 15], due to steric or electrostatic constraints
[13, 16, 17, 18]. In one study, the kinetic problems with
various proteins were overcome by using ODNB– (a less
charged and more hydrophobic analogue) in place of
DTNB2– [12]. However, ODNB– is not available commer-
cially. In the present study, the kinetic problems were solved
by using cystamine as the mediator between analyte and
reagent, in analogy to the enzymatic method of Singh et
al. [9] (see above).
In 1967, Grassetty and Murray [13] introduced a prom-
ising alternative to Ellman’s reagent which excelled with
fast kinetics. As can be seen from Fig.2, DTDP reacts
with thiols in the same way as does Ellman’s reagent (see
Fig.1), yet DTDP is smaller, more hydrophobic, and mostly
uncharged at neutral pH; thus, it is expected to be a very
good reagent for protein sulfhydryls in their native environ-
ment. Unfortunately, Grassetti and Murray underestimated
the molar absorptivity of 4-TP (!324 = 19,800 M
–1 cm–1,
compare Fig.2), they did not notice (or mention) the pH
dependence of 4-TP absorption at their working pH (7.2),
and their method of DTDP reagent preparation involved
hours of stirring (daily). Meanwhile, DTDP has been used
for detailed characterization of enzymatically active cys-
teine residues [19], for measuring the ring-opening and
closing rates of thiosugars [20], and for quantification of
SH groups in small molecules [11, 21, 22]. However, to
the best of our knowledge, no attempt has been made to
quantify cysteine residues in proteins with DTDP. In the
present study, the measurement of protein sulfhydryls
with DTDP was re-examined and optimized. The result
was a quick and simple thiol assay that gave identical re-
sults as the Ellman/cystamine method in all critical test
experiments.
Materials and methods
Materials
All buffer components were of analytical grade. CTAB, cystamine
dihydrochloride, zwitterionic cysteine (C-7755, lot 118H0255, 99%
pure), cysteine hydrochloride (monohydrate, C-4820), DTDP,
DTT, ethanolamine hydrochloride, lysozyme, papain, 4-TP, Tris
base, Triton X-100, and urea were purchased from Sigma. Purified
BSA was obtained from Behring Werke AG, Germany. SDS (elec-
trophoresis grade) was purchased from Biorad. PD-10 columns
were obtained from Amersham-Pharmacia Biotech. PDP-OH was
synthesized as described [21].
Buffers
Buffer 6.0, buffer 6.8, buffer 7.0, and buffer 8.0 contained 100 mM
NaH2PO4 and 0.2 mM EDTA, adjusted to pH 6.0, 6.8, 7.0, or 8.0,
Fig.1 Reaction of a mercaptan with Ellman’s reagent, yielding a
mixed disulfide and one equivalent of TNB2–. The molar absorp-
tivities (!412) all refer to pH >7.29 [14]
Fig.2. Two-step reaction of a mercaptan with DTDP, yielding one
equivalent of 4-thiopyridone in each step. The molar absorptivities
(!) all refer to #=324 nm
containing 8 !l of Ellman solution (4 mg/ml in PBS 
1x), 340 !l of PBS 1x nd  60 !l of MAb in PBS, the 
other (blank solution) with 16 !l of Ellman solution 
in 800 !l of PBS. The solutions were incubated for 15 
minutes at room temperature. The spectrometer zero 
w s calculated on the bla k solution and absorbance 
of the sample was registered at 412 nm. The amount 
of sulfhydryls in the sample was calculated on the 
base of the molar extinction coefficient of 2-nitro-5-
thiobenzoic aci ,  TNB (14.15 M-1cm-1), generated by 
reaction of 5,5’-dithio-bis-(2-nitrobenzoic acid), DTDP with free thiols 1.
Kaiser Test for quantification of primary amines: the Kaiser test 2 is a qualitative and 
quantitative test that verifies the presence or absence of free primary amino groups in a 
compound, and it can be a useful indication about the completeness of a coupling step. The test 
is based on the reaction of ninhydrin with primary amines, which gives a characteristic dark 
blue color. 
Fig. 9. Reaction of ninhydrin with primary amines.
Every kaiser test was performed as follows using the following three solutions: 
• solution 1: 80 g of phenol in 20 ml of ethanol;
• solution 2: 2 ml of KCN 1 mM in H2O in 98 ml of pyridine;
• solution 3: 1 g of ninhydrin in 20 ml of ethanol;
1 mg of amino-functionalized nanotubes is weighted on an analytic balance. 75 µl of solution 1, 
and 100 µl of solution 2 are added, the mixture is sonicated for 5 minutes and 75 µl of solution 3 
are added in this order. The mixture is heated at 120°C for 10 minutes. At the end is diluted with 
ethanol 60% in water, up to 3 ml of final volume. Test is positive if the solution turns dark blue/
violet. The mixture is centrifuged and the supernatant is collect and put into a cuvette. For the 
quantitative determination of the free amino groups on the surface of nanotubes the absorbance 
of the solution at 570 nm is recorded, setting the zero on the blank solution without nanotubes. 
The following relation gives the ratio between the moles of the amine moiety and the weight of 
the sample:
µmol/g =    [Abs 570 nm x dil x 106]/! x W
where Abs570 nm is the absorbance of the sample taken at 570 nm; dil is the dilution (3 mL); ! is 
the extinction coefficient (15000 M-1cm-1) and W is the weight of the CNTs (mg). 
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Appendix

5.1 Introduction
Development of nanotechnology for drug delivery systems in order to efficiently transfer drugs 
or bioactive molecules into the human body is a very competitive research field. One of the 
most challenging issues is the design of matrix able to modulate the release of drugs or 
biomolecules inside the organism and to increase the bioavailability. 
This type of structures constitute by themselves the so-called “therapeutic systems” and porous 
silicon (PSi) shows the necessary requirements in order to play a main role inside this category.
PSi can be defined as a pore and tunnel network highly interconnected inside a crystallin silicon 
matrix. As a consequence,  PSi possesses a large superficial area from 100 to 500 m2 cm-3 that can 
be ideally used to transport biomolecules. 
PSi fabrication processes are low-coast and simple and they are based on an electrochemical 
reaction in which hydrofluoric acid concentration and intensity current applied are the key 
parameters for modulating the % porosity of the sample 1.
Reaction parameters could in fact be modulated in order to obtain a different distribution of the 
pores and consequently a higher or lower medium porosity of the matrix 2.
PSi presents peculiar biologic properties. It is biocompatible 3,4, indeed once implemented in 
vitro, it is able to stimulate the hydroxyapatite growth, the main component of bones. It has 
tunable pore sizes and volumes and unique optical properties that allow in-vivo monitoring 5,6. 
In addition, it a bioresorbable material 7,8, without toxic effects thanks to its great solubility in 
aqueous solution and to the consequent easy expulsion in the urine. In fact,  when immersed 
into an aqueous solution, PSi spontaneously dissolves in orthosilicic acid, which is the form of 
Silicon predominantly absorbed by humans and found in numerous tissues including bone, 
tendons, aorta, liver and kidney. 
PSi dissolution kinetic is strongly dependent on the pH of the medium. When gastric pH (1.2) is 
tested, there is no evidence of dissolution, while when slightly basic pH (7.4, corresponding to 
that inside the intestine) is used, it is possible to completely solved medium porosity PSi 9. 
This fact means that the integrity of the material is preserved into the stomach, while is 
remarkable compromised in the intestine, constituting an ideal carrier of drugs which are easily 
solvable in the stomach, with consequent poor intestinal uptake.
Goals
In this work, we will deal with the construction of PSi matrix characterized by enhanced 
solubility and suitable dissolution kinetics that guarantee the long-time release of the drug in 
time, once in the intestine. 
On this purpose, we have focused on two different factors: control of the medium porosity of 
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the samples and functionalization of the matrix surface. 
Once the dissolution experiments will been performed, the samples presenting the best 
dissolution kinetics will be load with Ibuprofene by means of classic loading techniques and 
treatment with supercritic carbonic anhydride. In fact,  the employment of supercritic fluids 
present particular advantages that will be discussed more in details in the following 
paragraphs.
5.2 Porousification reaction and 
characterization of the samples
PSi samples have been produced from Si(100) by using an electrochemical cell exclusively made 
of teflon, combined with a Pt and Cu electrodes and connected to a current generator (Fig. 1). 
When the current is applied,  Silicon is positively polarized and becomes a suitable site for 
nucleophilic attack by fluoride ions in solution, with consequent dissolution in hexafluorosilicic 
acid and formation of gaseous molecular hydrogen 1:
Si + 6HF ! H2SiF6 + H2 !+ 2H++ 2e-
After the electrochemical reaction, an intensive washing was performed. The resulted material 
presented pores both in the extern and intern surface, constituted by Si-H bonds with 
hydrophobic character. At this stage, it is important to highlight that not-functionalized PSi 
must avoid direct contact with air,  since the specie is highly reactive with oxygen, and the
consequent oxide could alter the material properties by creating defects and compromising the 
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Fig.1. a. Electrochemical assemblage of the cell with the electrical generator. b. 
Main parts of the electrochemical cell.
Pt electrode
PTFE cell
O-ring
Silicon
Cu electrode
a b
surface homogeneity.
Medium porosity of the sample is tunable operating on 3 main parameters 2, as reported in Fig. 
2:
• hydrofluoric acid concentration;
• silicon resistivity;
• current intensity applied;
In the following table, an outlook of the employed parameters is given:
The porosity percentage have been calculated by using the gravimetric method 11.  The samples 
have been characterized by using SEM and BET techniques in order to appreciate both 
morphology and pore distribution. 
In addition, FT-IR has been used in order to check the presence of stretching signals given by 
the porousification reaction.
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Fig. 2. Dependence of Silicon porosity  on current 
density and hydrofluoric acid concentration.
We have used three hydroalcoholic solutions 
of HF with different concentrations, 
applying the same current intensity for all 
the samples and maintaining constant the 
material resistivity. The SiP layers have been 
separated from the bulk Silicon by treating 
the material with a current impulse of 400 
mA; the resulting free-standings 10 permitted 
the subsequent IR characterization in 
transmission modality, otherwise not 
favored by the low-resistivity of Silicon.
Medium porosity High porosity Very high porosity
Si(100) resisitivity 0.003-0.01 !cm 0.003-0.01 !cm 0.003-0.01 !cm
[HF] % 37 33 29
Current I 54 mA 54 mA 54 mA
Reaction Time 80’ 50’ 40’
Porosity % 69.7 77.5 78.7
SEM
From SEM images reported in Fig. 3, it is quite clear that the porosity of a sample is not strictly 
dependent to the pore diameter, but rather on the distribution of the pores into the space. 
Consequently, two samples of PSi with different porosity present a different inner spacing even 
if the pore dimensions are maintained. This fact can be easily appreciated by zoom in to the 
SEM (Fig. 4) or by BET analysis.
Fig. 3. a. medium porosity PSi (69.7%). b. high porosity PSi (77.5%). c. very high porosity (78.7%) PSi.
Fig. 4. Enlargements of a. medium porosity (69.7%) and b. very high porosity (78.7%) PSi samples.
BET
BET is a solid characterization technique developed by Brunauer, Emmett and Teller that allows 
the determination of the Specific Surface area (SS). It is based on the physical principle of inert 
gas (N2) adsorption, which varies depending on the ratio between partial pressure of N2 and its 
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Realizzazione e Caratterizzazione di Matrici Porose di Silicio per il Rilascio Controllato di Farmaci 
 86 
È interessante notare come l’efficacia del metodo gravimetrico sia confermata dalla 
precisa relazione che intercorre tra i dati di porosità ottenuti e le relative concentrazioni 
delle soluzioni elettrolitiche: i tre campioni presentano [HF] in ordine crescente del 29%, 
37% e 47% e allo stesso tempo porosità percentuali del 79%, del 69% e infine del 59%. 
Le immagini SEM relative alla caratterizzazione dei campioni VZ42 e VZ46 sono riportate 
in Figura IV-14 e IV-15 rispettivamente. Come atteso, la dimensione media dei pori è 
maggiore per VZ42 rispetto a VZ46, così come è minore lo spazio cristallino far poro e 
poro (interspacing), entrambi fattori che conferiscono a VZ42 una maggiore porosità. 
 
a b 
 
Figura IV-14: Visione frontale di VZ42 (porosità 78,7%) a due diverse magnificazioni; 
 
  
 
Figura IV-14: Visione frontale di VZ46 (porosità 69,7%) a due diverse magnificazioni; 
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Figura IV-14: Visione frontale di VZ46 (porosità 69,7%) a due diverse magnificazioni; 
 
 
 
 
! "!
Sono state adoperate 3 soluzioni idroalcoliche di HF con diverse concentrazioni, applicando la 
medesima intensità di corrente per tutti i campioni realizzati e mantenendo invariata la resistività 
del materiale. I layer si silicio poroso sono stati separati dal silicio bulk sottoponendo il materiale a 
una scarica di corrente pari a 400 mA; i free-standings 
[5] 
così ottenuti hanno consentito la 
successiva caratterizzazione all’IR in modalità trasmissione, altrimenti impedita dalla bassa 
resistività del Si. I valori dei param tri impiega  sono riportati di eguito in tabella: 
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La porosità percentuale è stata calcolata tramite il metodo gravimetrico 
[6]
. 
I campioni sono stati caratterizzati al SEM e co la BET, per valutare la morfolog a e la 
distribuzione dei pori, e tramite FT-IR per verificare che la chimica di superficie fosse attribuibile al 
PSi. 
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In ordine da sinistra verso destra: campione a porosità media (69,7%), campione a porosità medio-alta (77,5%) e infine 
campione a porosità alta (78,7%). 
 
Contrariamente da quanto si potrebbe dedurre dalle immagini SEM la maggiore porosità di un 
campione non è funzione dell’aumento del diametro dei pori, ma della loro maggiore distribuzione 
nello spazio; di conseguenza, 2 campioni di PSi a diversa porosità presentano un diverso inter-
spacing pur mantenendo le dimensioni dei pori pressoché costanti. 
Questo fatto è evidente sia analizzando a ingrandimenti maggiori le immagini SEM sia dalle analisi 
BET riportate successivamente. 
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così ottenuti hanno consentito la 
successiva caratterizzazione all’IR in modalità trasmissione, altrimenti impedita dalla bassa 
resistività del Si. I valori dei parametri impiegati sono riportati di seguito in tabella: 
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La porosità percentuale è stata calcolata tramite il metodo gravimetrico 
[6]
. 
I campioni sono stati caratterizzati al SEM e con la BET, per valutare la morfologia e la 
distribuzione dei pori, e tramite FT-IR per verificare che la chimica di superficie fosse attribuibile al 
PSi. 
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vapour tensions at liquid N2 temperature. By using  different calculation approaches it is 
possible to determine the pores distribution  in the mesopore range (2-50 nm).
It has been observed that pore dimensions are constant in both the samples analyzed, while the 
surface area and total volume of the pores are bigger in the higher porosity sample.
BET measurements of the sample when higher porosity  (78.7%) have not been performed 
because of its high fragility resulting into a difficult manipulation.
Fig. 5. a. Medium porosity sample (69.7%); total volume of the pores: 1.15 cm3 g-1; highest pore diameter: 
13.5 nm; surface area 290 m2 g-1; b. medium-high sample (77.5%), total volume of the pores: 1.27 cm3 g-1; 
highest pore diameter: 9-13 nm; surface area 300 m2 g-1.
FT-IR
Infrared measurements have been performed by using a Vis-IR Bruker HYPERION 3000 
microscopy with a Bruker Vertex interferometer. 
All the samples have been analyzed in order to verify the chemical properties of the surfaces.  In 
the following lines it is shown a typical infrared spectra of PSi, independently to the average 
porosity of the sample:
2088 cm-1: SiH stretching;
2117 cm-1: SiH2 stretching;
2136 cm-1: SiHn stretching;
1057 cm-1: large band corresponding to Si-O-Si stretching
The spectra clearly shows the presence of stretching signals, very characteristic of PSi, 
represented by the band around 2100 cm-1. 
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The native oxide is present in a minimum quantity in the sample, as it is deducible by the weak 
band at 1057 cm-1 and by the absence of the 2252 cm-1 band associated to the stretching of the 
O3SiH group (Fig. 6).
Fig. 6. Transmission FT-IR spectra of a self-standing PSi sample.
The PSi sample containing a medium porosity (chosen for practical reasons since it was easier to 
manipulate) was functionalized by using chemical hydrosilylation 12. Thus, a treatment with 10-
undecenoic acid, methyl 10-undecenoate and undecene by immersion in anhydrous toluene for 
24 hours was performed. 
These molecules presented terminal functional groups with different hydrophobicity grade and 
they have been selected  in order to evaluate the consequent variation of surface wettability.
Functionalized samples with 10-undecenoic acid present the following bands:
1713 cm-1: C=O stretching;
3450 cm-1: OH stretching;
The large band at 1057 cm-1, saturating the detector, demonstrate the presence of a massive 
quantity of oxide probably due to the presence of water traces in the reaction. Indeed, this fact 
evidence the ease with which the material surface reacts with oxygen (Fig. 7).
The sample functionalized with methyl-10-undecenoate showed the following bands:
Appendix
141
0.5
1.0
1.5
2.0
2.5
3000 2500 2000 1500 1000
Wave number cm-1 
A
b
s
o
rb
a
n
c
e
 u
n
it
s
 
500
Tuesday, 8 March 2011
1713 cm-1: C=O stretching;
3450 cm-1: OH stretching;
With respect to the acid-functionalized sample, the oxide quantity present into the surface is 
slightly smaller, probably due to the less hydrophilic character of the ester group compared 
with the acid one (Fig. 8).
Fig. 7. Transmission FT-IR spectra of self-standing PSi functionalized with 10-undecenoic acid.
Fig. 8. Transmission FT-IR spectra of self-standing PSi functionalized with methyl 10-undecenoate acid.
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The sample functionalized with undecene showed the following bands:
2853 cm-1: symmetric ethylenic stretching;
2889 cm-1: symmetric methylenic stretching;
2926 cm-1: asymmetric ethylenic stretching;
2962 cm-1: asymmetric methylenic stretching;
The oxide band at 1057 cm-1 is clearly reduced compared with one found for the acid and ester 
functionalized samples (Fig. 9).
Fig. 9. Transmission FT-IR spectra of self-standing PSi functionalized with methyl undecene.
5.3 Dissolution experiments
Dissolution experiments were done with all the PSi samples, functionalized or not, at gastric or 
intestinal pH, in order to quantify which was the matrix behavior in simulated physiological 
conditions. Samples were properly dried in order to eliminate any trace of solvent and 
subsequent weight.  It has been used a dissolution apparatus conformed to the official 
Pharmacopoeia constituted by six sections in which the desired tampon solution is filled in. 
Each section has a pole that is immersed into the thermostatic bath whose terminal part is 
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anchored to a sampler;  once PSi is inserted into the sampler, the rotation is started. All the 
experiments reported were performed at 37 ºC under continuous agitation. Once extracted from 
the sampler, the PSi samples were intensively washed with distilled water and then dried under 
vacuum in a lyophilization machine, to weight it again at the last stage.
Fig. 10. Chart representing different self-standing PSi dissolution at pH 7.4
From the chart in Fig. 10 it is possible to observe that percentage dissolution of free-standings at 
intestinal pH is directly proportional to the porosity grade of the sample. On the other hand, the 
medium-porosity sample was not completely dissolved due to the equilibrium between matrix 
oxidation and dissolution phases.  The tendency of the material to be particularly sensible to 
oxidation increases when low porosity is involved, since the surface area is larger.
Fig. 11. Chart representing % dissolution at pH 7.4 of self-standing PSi samples with high porosity and 
different functionalizations.
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Dissolution of the samples behaved as predicted on the base of the polar character of the 
terminal groups linked to the surface. Hydrophobic molecules, like undecene alkylic chain, 
decreased the contact angle and the wettability of the surface preventing the material from 
solution in aqueous media. On the other side, those more polar like the acid, favored the 
interaction with the aqueous solution with the matrix. In the case of medium acidic ones, like 
the ester,  it is observed an intermediate dissolution kinetic with respect the two precedents 
cases.
Fig. 12. Chart corresponding to percentage dissolution of all the self-standing PSi samples, both naked and 
functionalized.
Functionalized and non-functionalized samples do not show any loss weight neither after 140 h 
of treatment in simulated gastric conditions.
5.4 Ibuprofene loading through 
supercritical CO2 
The loading experiments were oriented towards a solvent able to solubilize the drug to be 
loaded into the pores and at the same time preserving the integrity of the own matrix.
CO2 sc was chosen because of the mild dissolving power and the low viscosity, which increases 
the diffusing potential.
Supercritical CO2 is found at higher temperatures and pressures then the critic point. At this 
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point, the fluid properties are analogue to those of liquids (for instance density) and close to 
those of gases (like viscosity). CO2 is indeed less viscous than traditional solvents guaranteeing 
a better diffusion, which is particularly indicated in order to permeate in to the core of the 
porous matrix.
The experiments were performed in a steel instrument that contains a cell where the heavy 
material (matrix and drug) is placed inside the inner cavity. The cell presents metallic tubes 
with in and out valves in order to allow CO2 flow. 
The gas, contained into a cylinder, was cooled by using a cryostat and then directed to the cell 
with a pump. The cell is heated to the desired temperature and the condition of pressure and 
temperature inside is systematically monitored. 
Loading experiments were performed by using a large number of different conditions of 
pressure and temperature, but herein just the most significative ones are reported. We have 
chosen Ibuprofene as pioneer drug, which was loaded in the matrix for a total time of 5 hours at 
the temperature of 43 °C and pressure of 85 bar. 
The samples where characterized by Differential Scanning Calorimetry (DSC). This technique is 
a type of thermic analysis that allows the detection of loaded chemical species inside a matrix, 
since it has been reported in literature that melting points of confined molecules inside small 
pores (with diameters less than 1 nm) decreases compared to those of the crystalline specie 13. 
Fig. 14 shows an overlay of DSC curves representing PSi with high porosity not loaded with the 
drug, PSi loaded with Ibuprofene and washed with an aqueous solution of ethanol 25%, and 
finally PSi loaded with Iburpofene and not washed.
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Fig. 13. CO2 phase diagram.
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Fig. 14. DSC overlay of self-standing PSi sample with high porosity, PSi loaded with Ibuprofene and 
washed with a solution of EtOH 25%, PSi loaded with Ibuprofene and not washed.
The peak at 74.61 ºC corresponded to the melting point of crystalline Ibuprofen, remarkably 
high because it is adsorbed by the sample surface, even if it has been slightly washed in 
alcoholic conditions.
The peak at 70.21 °C indicated the presence of Ibuprofene into the cavity of the most superficial 
and big pores: the melting point slightly decreased to lower values.
Last,  the peak at 57.71 ºC showed Ibuprofene confined in the smallest and deepest pores, which 
crystallin structure level is mainly affected by the effect of reduction of the space.
It is interesting to observe that washing the sample in presence of ethanol,  which effectively 
solubilize Ibuprofene, results in decreasing of the peak of correspondent to the crystalline state, 
while the amount of material confined into the pores remain almost unchanged.
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5.5 Experimental details
Materials
Silicon was (100) type, thickness: 525 µm, p boron, resistivity: 0.003-0.01 !cm.
Chemicals were purchased from Sigma-Aldrich.
Instruments
SEM microscopy: was performed on a ZEISS microscope, XB1540 model.
FT-IR MicroSpectroscopy: was performed using a Vis-IR Bruker HYPERION 3000 coupled to a 
Bruker Vertex 70 interferometer.
5.6 Conclusions
The results obtained clearly demonstrated that PSi is a very versatile material due to the tunable 
fabrication processes permitting to obtain different morphologies. In addition, the possibility of 
functionalization exponentially increases the potential applications.
By varying the pores dimension and the surface chemistry it is possible to render PSi able to 
carry different molecules and modulate their release, depending on the dissolution kinetic.
Although Ibuprofene loading in the matrix is not still quantitatively consistent, it is possible to 
conclude that the use of CO2 is advantageous compared to other traditional organic solvents.
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